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 Tissues exist in a highly ordered three dimensional structure that is critical to inform 
function. When cells are explanted into culture, the tissue-specific functions are often lost or 
drastically altered suggesting that the lowest functional unit in higher organisms is not a cell but 
a cell associated with a particular extracellular matrix (ECM) (Bissell, 1981; Bissell and Hall, 
1987).  Indeed the unit of function in a larger context is the organ itself (Bissell and Hall, 1987). 
In our studies of the mammary gland, its ECM and ECM-degrading enzymes we have employed 
culture models that begin to recreate the tissue structure and aspects of the normal mammary 
gland microenvironment. These three dimensional (3D) culture models provided a platform to 
ask questions- and elucidate functions- of mammary gland development and mechanisms of 
tumorigenesis within a 3D structure.  

We examined the ultrastructural features of a progression series where cells became 
tumorigenic outside the human body (Briand et al., 1987; Petersen et al., 1992; Rizki et al., 
2008). In 3D culture the non-malignant cells form growth arrested acinus-like structures and 
the malignant cells form disorganized masses that do not growth arrest. Electron microscopy 
imaging of the non-malignant S1 acini revealed that the cell line thought to represent highly 
polarized luminal epithelial cells of the human breast displayed features consistent with a 
luminal-basal hybrid cell line. The acini had well-organized basal polarity and basement 
membrane (BM). The BM is a specialized ECM that separates epithelial, endothelial and fat cells 
from the surrounding connective tissue and functions as a selective barrier and organizer of 
organs. The acini had partially apically oriented tight junctions (ZO-1 protein) suggestive of less 
apical polarization. They also displayed irregular microvilli projections, primary cilia and nuclear 
invaginations characteristic of basal cells. We found that the three dimensional acini were 
growth arrested and demonstrated polarized distribution of organelles and proteins (Petersen 
et al., 1992). Overall the features suggested that S1 cells are a hybrid of a luminal and basal cell 
perhaps representing a progenitor cell of the human breast.  
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The BM protein laminin-111 has been shown to be necessary for polarization of 
mammary epithelium (Gudjonsson et al., 2002) and functional differentiation (Streuli et al., 
1991). Here, we knocked down the unique chain of laminin-111, laminin α1, in the HMT-3522-
S1 and found that polarity and growth arrest were disrupted despite the presence of laminin-
111 in the 3D assay. We show endogenous laminin α1 regulates levels of the matrix degrading 
enzyme MMP9, activation of signaling pathways and secretion of other ECM proteins. We have 
shown previously that modulating malignant pathways reverts the malignant phenotype 
(Weaver et al., 1997; Wang et al., 2002; Beliveau et al., 2010). Expression of the laminin α1 
protein in the syngeneic tumor cell line, T4, revealed that cells transfected with the LAMA1 
construct phenotypically revert in culture resembling non-malignant HMT-3522-S1 cells. The 
results demonstrate that deposition of endogenous BM and proper remodeling of the BM is 
critical to generating a microenvironment that fosters growth arrest, polarization and tissue-
specific gene expression.  

We examined the role of laminin α1 in mouse mammary gland development and found 
extracellular laminin α1 is not necessary for mammary gland development and function. The 
mammary gland of mice where laminin α1 is knocked out of mammary epithelium develops 
normally, branches and extends into the fat pad at the same rate as control littermates. Female 
laminin α1 knockout mice undergo complete lobuloalveolar development and are able to feed 
their entire litters. Our findings pertain only to extracellular laminin α1 as we present evidence 
of intracellular laminin α1 transcribed from the LAMA1 gene downstream of the knockout in 
the mammary epithelial cells of laminin α1 knockout mice. 

We employed a novel 3D model of mammary gland branching morphogenesis (Nelson 
et al., 2006; Nelson et al., 2008) as well as a transgenic mouse model (Yana et al., 2007) to ask 
how the matrix degrading enzyme MMP14 functions in branching morphogenesis of the 
mammary gland. We found that MMP14 is highly expressed at the terminal end buds and 
branching ducts of the developing mammary gland in vivo (Mori et al., 2013). In our 
micromolded collagen assay, MMP14 mediates sorting of cells within the model tissue. Sorting 
occurs through differential cellular motility such that the subpopulation highest for MMP14 
expression segregates to the ends of the tubules where branching originates. MMP14-driven 
sorting is independent of its catalytic activity and required the hemopexin domain. We describe 
a signaling cascade through Rho kinase that allows cells to sort. The results indicate that 
differential directional persistence can give rise to patterns within model developing tissues.  
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This work is dedicated to my daughter, Olivia, and my unborn daughter Amelia.  
You two inspire me to be my best and make the world a better place. 
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Chapter 1  
Introduction to studying the mammary gland, its extracellular matrix and 

extracellular matrix degrading enzymes 
 
 

Introduction 
 

Tissues are composed of multiple cell types with distinct functions, arranged in a highly 
ordered fashion in a three dimensional and geometrical context. Tissue-specific functions are 
often lost or drastically altered when normal cells are explanted into culture conditions 
suggesting that the lowest functional unit in higher organisms is not a cell but a cell associated 
with a particular microenvironment (Bissell, 1981; Bissell and Hall, 1987). The observation that 
cells lose their tissue specific function when removed from their native environment suggests 
cells within a tissue are modulated by signals from their surrounding microenvironment, which 
includes other epithelial and stromal cells, as well as proteins in the extracellular matrix (ECM) 
and soluble factors, in order to maintain function (Bissell et al., 1982). 

The concept that microenvironment indeed is dominant over the genome within the 
same organism is not new and indeed should be intuitive. How else can 10 trillion cells with the 
same genetic information in all cells make the multitudes of tissues and organs with such 
differing forms and functions? However, we have needed to ask how the microenvironment 
and the genome collaborate to achieve this, what are the essential components of the 
microenvironment for any given tissue and what are the signaling pathways involved? It is also 
becoming increasingly clear that understanding how the microenvironment controls cellular 
function within a tissue has important clinical implications. In some human cancers, cells 
adjacent to the tumor appear to be normal but harbor some of the same genetic defects as the 
tumor cells (Deng et al., 1996; Forsti et al., 2001). One interpretation of this observation is that 
by the microenvironment around these cells can restrain genetically defective cells from 
progressing to a tumor or that more mutations are still necessary to allow these cells join the 
tumor mass. In three-dimensional culture models, we and others have shown that restoration 
of correct level of microenviornmental signaling can ‘revert’ the malignant phenotype of breast 
tumor cells despite the complete retention of the malignant genome (Howlett et al., 1994; 
Weaver et al., 1997; Muschler et al., 2002; Wang et al., 2002; Rizki et al., 2008). Yet in other 
studies, the persistent presence of an activated matrix metalloproteinase (MMP), either 
expressed within the cells or added from the outside of the cells, can induce genetic instability 
and tumor progression, suggesting that disruption of the microenvironment via ECM 
remodeling enzymes leads to loss of tissue homeostasis and ultimately mammary tumor 
progression (Sympson et al., 1994; Lochter et al., 1997; Sternlicht et al., 1999; Radisky et al., 
2005). 

The challenge for cell and tumor biologists is to decipher the regulatory signaling 
components underlying the ‘dynamic reciprocity’ between epithelial cells, tissue structure and 
the microenvironment and to understand how the microenvironment functions to orchestrate 
tissue homeostasis. Herein we seek to understand the importance of the ECM molecules, ECM 
degrading enzymes and tissue architecture as crucial signaling entities. As we have emphasized 
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often, understanding the normal context of a tissue provides a solid foundation for studying 
and interpreting the pathological state. Using the normal context as a model we aim to address 
these questions: (1) what are the ultrastructural characteristics of the non-malignant HMT-
3522-S1 cell line in three dimensional cultures? (2) how does ECM, specifically laminin-111, 
signal for mammary epithelial organization? and (3) what role does MMP14 play in organizing 
mammary epithelial tissue?  
 
Microenvironment 

Studies from a number of laboratories have provided important insight into the 
influence of the microenvironment on the developing glandular epithelium. Since most tumors 
arise from the epithelial component of tissues, investigating the mechanisms that determine 
the cell fate in developing tissues is pertinent to understanding the failure of a tissue to restrain 
tumor progression. As early as the 1960s and 1970s, chimeric models were constructed using 
stroma from one type of tissue co-cultured with the epithelial cells from a different tissue. For 
example, when mammary epithelium was recombined with mammary mesenchyme, a typical 
mammary ductal pattern developed as would be expected. However, when mammary 
epithelium was recombined with salivary mesenchyme, the resulting epithelial structures 
resembled those of salivary gland and not the mammary gland, indicating that the mesenchyme 
provides instructive signals for pattern formation to the epithelium (Sakakura et al., 1976). Even 
skin epithelium can be induced to form a structure that resembles a mammary ductal pattern 
when transplanted into mammary mesenchyme. Moreover, the skin epithelium transplanted 
into the mammary mesenchyme can be induced to express milk proteins such as casein and α-
lactalbumin, again indicating that the morphology and functional differentiation of the 
transplanted epithelium is influenced by the surrounding mesenchyme (Cunha et al., 1995; 
Parmar and Cunha, 2004). 

Other studies have provided dramatic evidence that even for malignant cells the 
microenvironment can regulate the chromatin structure and cellular differentiation. Long 
before Dolly (Wilmut et al., 1997), Mintz and Illmensee demonstrated that the embryonic 
microenvironment had the capacity to turn teratocarcinoma cells into apparently ‘normal’ 
tissues of healthy mice (Mintz and Illmensee, 1975). Similar studies were conducted more 
recently using nuclear transplantation of melanoma cells (Hochedlinger et al., 2004). In other 
studies, Bissell and colleagues showed that the embryonic microenvironment inhibited the 
tumorigenic properties of cells transformed by Rous sarcoma virus (RSV) (Dolberg and Bissell, 
1984). Although the avian embryonic tissue was refractory to transformation, when these cells 
were dissociated and placed in a culture dish, they became mass transformed overnight. Even 
in the adults, wounding or injury was necessary to complement the oncogene (Dolberg et al., 
1985; Howlett et al., 1987; Martins-Green and Bissell, 1990; Sieweke et al., 1990). Together, 
these studies suggest that developmental cues defining the cellular form and function within a 
tissue are derived from the surrounding microenvironment and the intact tissue architecture 
and are rarely cell intrinsic. 
 
The mammary gland 

The mammary gland, a modified sweat gland, makes an excellent model to study 
microenvironmental influences on epithelial cells. The dynamic nature of the mammary gland is 
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highly dependent on mesenchymal-epithelial interactions as well as cell-ECM interactions 
during development and throughout the life of the mammal. Although it is known that mouse 
and human mammary glands have some important structural differences, mouse models are 
used extensively to probe mechanisms of development and tumor progression. The mouse is a 
tractable model organism with well-developed tools and protocols that allow for deep and 
informative studies; thus, it is no surprise that much of our knowledge of mammary gland 
development, function and tumor progression has emerged from studies in the mouse. At birth 
female mice have a small branched epithelial rudiment that has already invaded but not 
extended into the fat pad. Continued ductal growth and expansion is mediated by complex 
stromal-epithelial interactions that guide the correct development of the gland at puberty 
when female hormones are released. In response to these hormones, the epithelial tree 
extends to fill the fat pad. In the resting nulliparous mammary gland, epithelial cells turn over 
cyclically every 4 days via proliferation and apoptosis driven by the estrus cycle (Fata et al., 
2001). During pregnancy, the epithelial tree expands to completely fill the fat pad and achieves 
full differentiation upon lactation. An intriguing observation is that during normal development 
in the glands of virgin mammals and subsequent cycles of expansion during pregnancy, the 
epithelium forming the ductal tree does not violate the limit of the fat pad suggesting that 
there are inhibitory signals providing cues that define the boundary of the organ. 

The human breast is composed of alveoli clusters that are separated from fat tissue 
whereas the mouse mammary gland is an evenly spaced tree that is in close contact with the 
fat pad (Figure 1.1). The mechanical, chemical, and developmental processes regulated by the 
stroma likely increase in complexity in the human breast compared to the mouse mammary 
gland. Both mouse and human mammary glands are comprised of two types of epithelial cells, 
the luminal epithelial cells, which produce casein and other milk proteins, and the myoepithelial 
cells, which are a hybrid of smooth muscle cells and epithelial cells and function to contract and 
cause secretion of milk during lactation (Figure 1.2A) (Adriance et al., 2005). Another important 
function of the myoepithelial cells is to act as ‘tumor suppressors’ for mammary epithelial cells 
(Sternlicht et al., 1997; Gudjonsson, T. et al., 2002; Hu et al., 2008). The mechanism by which 
this occurs is not completely understood currently, but it is most likely through the mechanisms 
that allow tissue polarity. Myoepithelial cells have been shown to produce many ECM proteins 
and proteinase inhibitors. Indeed one of the most critical ECM proteins for polarity and 
functional differentiation is laminin-111, the α1 chain of which is thought to be exclusively 
made by myoepithelial cells. The importance of laminin-111 is discussed in more detail below. 
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Figure 1.1. Comparison of the human breast and the mouse mammary gland. The human 
breast is contained in lobular stroma separated from fat tissue by interstitial stroma. The cross 
section of a duct and acinar structures are shown surrounded by lobular stroma. The epithelium 
of the mouse mammary gland is surrounded by periductal stroma embedded directly in fat 
tissue. Figure adapted from (Ronnov-Jessen et al., 1996) and published in (Inman et al., 2011). 
 
 
Modeling the mammary gland in organotypic models 

A number of physiologically relevant organotypic models have been developed to study 
mammary gland morphogenesis and tumorigenesis in culture (Emerman and Pitelka, 1977; 
Barcellos-Hoff et al., 1989; Petersen et al., 1992). The culture model where cells are placed in a 
three-dimensional (3D) laminin-rich extracellular matrix (lrECM, also known as Matrigel®) 
results in the formation of 3D mammary epithelial structures within an environment with 
similar elastic modulus (stiffness) as the mammary gland in vivo (Paszek et al., 2005). Such 
culture models allow for a systematic approach to dissect and unravel the intricate cellular-ECM 
signaling that directs cell (and tissue) fate and function. Both primary mouse mammary 
epithelial cells and non-malignant human breast epithelial cells form organized, growth 
arrested acinar-like structures with correct apical-basal polarity when cultured in this 3D lrECM 
model (Figure 1.2B). Even more dramatic is the finding that primary murine mammary cells can 
actually be induced to synthesize milk proteins such as β-casein de novo and secrete it apically 
into the lumen of the acinar structures formed in the in 3D cultures (Barcellos-Hoff et al., 1989; 
Streuli et al., 1991). Thus, unlike epithelial cells that have been plated on tissue culture plastic 

4 
 



(referred as 2D cell culture), the cues provided by the lrECM simulate those received by the 
mammary epithelial cells in vivo and they allow the cells to form truly functional structures. 
 
 
 

 
Figure 1.2. In vivo acinus compared to in culture acinus. (A) The terminal ductal lobular unit 
(TDLU), an acinus, of the human breast is composed of two epithelial cell types: the luminal 
epithelial cells (yellow) that make milk during lactation and the myoepithelial cells (red) that 
function as contractile and tumor-suppressor cells. The epithelial compartment is encapsulated 
in basement membrane (blue).  (B) Mammary epithelial cell culture models frequently feature 
only one type of epithelial cell, a “cultured mammary epithelial cell.” In 3D lrECM a “cultured 
mammary epithelial cell” forms an acinus-like structures that growth arrest and establish apical 
and basal polarity similar to the TDLU of the breast. Figure reproduced from (Inman et al., 
2011). 
 
 

The 3D lrECM culture system is a powerful tool for identification of mechanisms defining 
microenvironmental regulation of tissue homeostasis. In fact, culturing in 3D lrECM 
distinguishes non-malignant human breast cells from their malignant counterparts (Petersen et 
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al., 1992). Non-malignant human breast epithelial cells grown in a defined medium form growth 
arrested acinar-like structures with correct apical-basal polarity when cultured in 3D lrECM 
(Figure 1.2b) (Weaver et al., 1997). Between days 5–7 of a 10 day culture, the cells begin to 
organize into colonies and withdraw from the cell cycle. Interestingly, withdrawal from the cell 
cycle occurs even in the presence of exogenous epidermal growth factor, suggesting that 
transition from a proliferating group of cells to a quiescent polarized colony occurs through the 
coordinated integration of cell-cell and cell-ECM signaling and that the formation of the acinar 
structure is not solely dependent simply on a down-modulation of cellular proliferation. Unlike 
non-malignant breast cells, human breast cancer cells form disorganized, non-polar colonies 
that do not growth arrest. However, restoring correct signaling cues allows the tumor cells to 
regain the ability to form growth arrested colonies with correct basal polarity that 
phenotypically resemble the non-malignant colonies, in a process that has been referred to as 
“phenotypic reversion” (Weaver et al., 1997; Wang et al., 1998). Reversion does not alter the 
genetic make-up of the cells, because re-plating of reverted colonies from the 3D lrECM in 2D 
culture and subsequent cultivation in 3D lrECM in the absence of a reverting agent does not 
result in the formation of growth arrested colonies. Rather the re-plated tumor cells form 
disorganized, non-polar colonies that continue to proliferate just as observed prior to 
treatment with a reverting agent (Weaver et al., 1997). Finally, reversion is not simply down 
modulation of proliferation because tissue polarity and proliferation are separable events (Liu 
et al., 2004; Aranda et al., 2006; Lott et al., 2009). Together, these observations suggest that 
tumor cells, which clearly harbor many genetic defects and mutations, can be “retrained” by 
correcting deranged signaling in 3D to develop into a structure that behaves in a non-malignant 
manner. Conversely, non-malignant mammary cells that normally form quiescent acinar 
structures in 3D lrECM can be made to exhibit some of the same characteristics as malignant 
cells by overexpression of the same signaling molecules such as EGFR (Weaver et al., 1997), or 
by modulation of other factors that affect acinar morphogenesis (Furuta et al., 2005; Zhan et 
al., 2008; Lott et al., 2009; Beliveau et al., 2010). 

Phenotypic reversion of breast cancer cells has been accomplished using a number of 
inhibitors targeting EGFR, MAP Kinase, and phosphoinositide 3-kinase (PI3K) in addition to β1 
integrin inhibitory antibodies (Wang et al., 1998). Reversion need not occur only by down 
modulation of pathways: it could be accomplished also by restoration of correct cell-ECM 
interactions through introduction of lost cell surface molecules such as dystroglycan (Muschler 
et al., 2002; Weir et al., 2006), CEACAM (Kirshner et al., 2004) or syndecan (Burbach et al., 
2004). 

In addition to providing an excellent model for investigating critical cellular components 
required for correct cell-ECM interactions, these culture models allow us to study events that 
would be difficult to study in vivo. Bioengineers have developed many tools to alter matrix 
stiffness and composition that are applicable to modeling the stiffer microenvironments found 
in tumors (Paszek et al., 2005; Levental et al., 2009). The wealth of tools developed for culture 
studies promise increasingly complex and faithful simulations of the actual mammary epithelial 
microenvironment (Nelson and Bissell, 2005). On the other hand manipulation of mouse 
mammary glands in vivo to construct a “humanized” gland has allowed for growth of primary 
human breast tumors in the mouse mammary gland , a feat not easily achieved previously 
(Kuperwasser et al., 2004; Wu et al., 2009). The ability to simulate the complex 
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microenvironment(s) found in the breast allows for investigation into the mechanisms that free 
initiated cells from the constraint of the microenvironmental signals that enforce normal 
behavior. Finally, the ability to make complex micropatterns and use these to test thousands of 
molecules at once in defining important factors that guide normal or malignant behavior, 
invasion or stem cell fate provide new “systems”-based models of analysis and hold great 
promise to identify the components that are important for normal tissue homeostasis and its 
disruption in tumors (Nelson and Bissell, 2005; Nelson et al., 2006; LaBarge et al., 2009). 
 
The physical nature of the extracellular matrix influences cellular behavior 

The ECM is composed of a number of macromolecular proteins including collagens, 
laminins, fibronectin, heparan sulfate proteoglycans, and nidogen, which coalesce into intricate 
and specialized networks. During the early analysis of the ECM proteins, it was thought that 
these large insoluble protein networks were simply molecular scaffolds providing physical 
support for the maintenance of tissue form. Soon after, they were also considered as a 
reservoir for soluble signaling factors. We proposed early on that these molecules could signal 
via membrane receptors to the cytoskeleton and provide information to the nucleus for 
chromatin reorganization and changes in gene expression (Bissell et al., 1982). The nucleus in 
turn would signal back to the outside in a dynamic and reciprocal process. It is now well 
accepted that interaction of ECM molecules with cell surface receptors, such as integrins and 
dystroglycans, provides an ‘outside-in signaling’ to epithelial cells that governs function and 
differentiation via ‘inside out’ signaling (Legate et al., 2009). Furthermore, both biochemical 
and physical forces are involved in the dynamic reciprocity leading to integration of form and 
function. 

Early work using primary mammary epithelial cells showed that the cells plated on 
plastic or fixed collagen lost the ability to produce β-casein. However, if the collagen gel was 
detached or “floated” in the culture dish, the cells could again be induced to make β-casein 
(Emerman et al., 1977; Emerman and Pitelka, 1977; Streuli and Bissell, 1990). This simple 
experiment demonstrated that the physical nature of the substratum influenced gene 
transcription. Collagen and 3D laminin-rich cultures have been used also as models for 
understanding the mechanisms used by mammary cells to invade the fat pad and to branch 
(Simian et al., 2001; Nelson et al., 2006; Fata et al., 2007; Ewald et al., 2008). 

The physical nature of the ECM is an interesting topic for the cell biologist, but it also 
has significant clinical implications. The tissue near breast tumors has been reported to be 
“stiffer” compared to non-tumorigenic tissues (Paszek et al., 2005). Furthermore, several 
studies have suggested that women with high density breast tissue are at a greater risk for 
developing tumors than those who have low density breast tissue (Boyd et al., 2007), and 
references therein). Interestingly, fibronectin is nearly absent in the soft and pliable tissue of 
normal adult mammary tissues (Koukoulis et al., 1993). However increased fibronectin and β1 
integrin (a cellular receptor for fibronectin) are correlated with poor survival of breast cancer 
patients (Yao et al., 2007) suggesting that perturbations and changes occurring in the ECM, 
which affect the cellular interaction with ECM components, reflect disease outcome. 

Dense breast tissue is known to provide a higher risk in developing breast cancer 
(Martin and Boyd, 2008), and recent work has begun to reveal the biochemical and mechanical 
underpinnings of this correlation. Counteracting forces of tension and compression are 
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balanced in tissues leading to mechanical stabilization. Dense breast tissue likely puts breast 
epithelium under larger compression and tension forces, a balance that is expected to be 
fundamentally different (in terms of dynamic reciprocity) from that seen in soft breast tissue. 
The additional observation of increased density at the site of a primary mammary tumor 
suggests a local shift in the balance of forces that likely contributes to mechanical 
destabilization and tumor progression. Wozniak et al. (Wozniak et al., 2003) suggested that 
mammary epithelial cells sense the stiffness of their surroundings both in terms of 
morphogenesis and differentiation, a concept we showed to be the case in single cell studies 
(Alcaraz et al., 2008). Studies from the Weaver laboratory and others (Gehler et al., 2009) have 
shown that increased ECM stiffness surrounding mammary epithelial cells is linked to 
intracellular cytoskeletal tension through integrins constituting an integrated 
mechanoregulatory circuit. A significant increase in ECM stiffness leads to disruption of the 
circuit, increased growth and decreased tissue organization (Paszek et al., 2005). During breast 
tumor progression one mechanism of increasing ECM stiffness is by collagen crosslinking. 
Studies on lysyl oxidase (LOX)-mediated collagen crosslinking during tumor progression show 
that increased ECM stiffness in a mouse mammary gland model of tumorigenesis significantly 
contributes to mammary tumor progression. By blocking LOX in this model, tumor progression 
was inhibited (Levental et al., 2009). A mechanoregulatory mechanism through integrin 
clustering and signaling was identified. Together, these studies demonstrate the importance of 
both mechanical and biochemical signals in maintaining the differentiated state. 

 
The basement membrane serves as a multivalent signaling scaffold 

The basement membrane (BM) separates epithelial and endothelial cells from 
surrounding connective tissue and functions as a selective barrier and organizer of organs. 
Whereas the different BMs throughout the body often appear structurally similar by electron 
microscopy, their compositions are tissue-specific, suggesting that in different tissues particular 
BM components may be important for guiding tissue organization and function. Specificity is 
achieved by variation in protein subtypes and distinct spatial arrangements (LeBleu et al., 
2007). Many steps in production of BM proteins, transcription, splicing, post-translational 
modifications, epimerization, oxidation, and cross-linking, allow for heterogeneity (thus 
allowing specificity). The mammary gland is no exception (Villadsen et al., 2007), leading to the 
hypothesis that stem cell niches have their own distinct BM composition. 

The BM is comprised of two distinct layers, the basal lamina and the reticular lamina. 
The reticular lamina has been described as the sub-basement membrane zone as it connects 
the mesenchyme and the basal lamina. In the mammary gland the lamina reticularis is 
composed of many proteins including type IV, type V, type VI and type VII collagen, fibronectin, 
chondroitin sulfate, laminin and heparan sulfate proteoglycans (Ferguson et al., 1992). With the 
exception of type VI and VII collagens, the relative amount of ECM proteins within the BM of 
the mammary gland appears to change during the menstrual cycle (Ferguson et al., 1992). This 
could be due to the expansion and contraction of the gland that occurs during the menstrual 
cycle or be part of the overall physiological regulation of the normal gland. 

The basal lamina is secreted by epithelial cells and forms a thin, 40–50 nm, sheet of 
proteins basolateral to the epithelia. The basal lamina is comprised of collagen IV, laminins, 
entactin, and heparan sulfate proteoglycans among other protein components. The basal 
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lamina is uniquely positioned to function as an organizer and serve as a multivalent signaling 
scaffold capable of functioning on a tissue-wide level. Multivalency is defined as the 
cooperative engagement of several linked substrates by a species with more than one discrete 
interaction surface (Mammen, 1998; Ruthenburg et al., 2007). Multivalency allows a dramatic 
enhancement of binding affinity, specificity and dynamics. Higher binding affinity is achieved by 
the additive or clustering effects of many weak interactions. Higher specificity is often the result 
of spatial arrangements of modifications dictating specificity. Biochemical studies support a 
multivalent model, but conclusive studies must be done in a tissue-specific manner as the 
interactions and dominant adhesion molecules appear to be different in different tissues (Weir 
et al., 2006; McKee et al., 2009) and likely at different stages in development (of a tissue or an 
organism). 
 
Laminin-111 provides the signaling interface of the multivalent scaffold to guide tissue 
organization and function in the mammary gland 

In the mammary gland, laminins are the essential component of the BM providing 
functional signaling to epithelial cells. From a structural point of view, the laminins have 
evolved exquisitely to participate as a multivalent signaling scaffold within the BM. The 
importance of laminin within the BM is supported by the observation that knockout or deletion 
of many of the laminin chains is lethal. There are 12 known laminin chains (5 α chains, 4 β 
chains, and 3 γ chains) that assemble into 16 distinct trimers identified in mouse and human. 
Three chains assemble to form a cruciform heterotrimeric protein structure composed of one 
α, one β, and one γ chain. The current nomenclature reflects the identity of the individual α, β, 
and γ chains (Aumailley et al., 2005). For example, laminin-111 is composed of laminin α1, β1, 
and γ1. During the genesis of a BM, laminin-111 must polymerize, i.e. assemble into a scaffold, 
prior to incorporation of other components of the basement membrane such as the collagen IV 
network. Recently, the mechanisms of laminin polymerization and domain requirements were 
defined (McKee et al., 2007; McKee et al., 2009). Laminin-111 is over 800 kDa in size and its’ 
expansive reach allows it to interact with several cell surface-linked molecules including integrin 
heterodimers, dystroglycan, syndecan-1, and sulfatides (Figure 1.3) (Miner and Yurchenco, 
2004). Recent work has demonstrated a novel inside-out pathway for the assembly of cell 
surface laminin via one of the laminin receptors, dystroglycan. PAR-1b was shown to co-localize 
with the dystroglycan complex in epithelial cells and play an important functional role in cellular 
polarity by directing dystroglycan to the basal surface of the cell (Masuda-Hirata et al., 2009; 
Lewandowski and Piwnica-Worms, 2014) where it then participates in the assembly of laminin-
111 at the cell surface (Figure 1.4) (Weir et al., 2006). 
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Figure 1.3. Diagram of the laminin-111 
heterotrimer and some of its interacting 
partners.  The N-terminal LN domains of 
each of the chains of laminin-111 allow 
laminin-111 to polymerize through 
heterotypic LN-LN-LN interactions (α1-γ1-
β1).  The LG modules at the C-terminus of 
the α1chain interact with cell surface 
molecules such as α6β1 and α6β4 integrins, 
dystroglycan (αDG and βDG), heparin 
binding-site anchor (HBSA), sulfatides and 
syndecans. In addition to its role in 
polymerization, the LN domain of the α1 
chain binds α1β1 and α2β1integrins as well 
as heparin. Nidogen (Nd)/entactin binds 
the arm of the γ1 chain as indicated and 
anchors the laminin polymer to the type IV 
collagen network. Overall, integrins 
mediate a substantial portion of the 
‘outside-in signaling’ via anchoring the 
laminin polymer to the intercellular 
cytoskeletal networks. This figure depicts 
one way α6β1integirn can connect the 
laminin matrix to the actin cytoskeleton via 
α- and β- parvins bound to integrin linked 

kinase (ILK) and other adaptor protiens.  Figure reproduced from (Li et al., 2003).  

 
Work from several laboratories has shown that laminin-111 is one of the most 

important components within the BM for establishment of basal polarity in epithelial cells 
(Schuger et al., 1998; O'Brien et al., 2001; Gudjonsson, T. et al., 2002; Yu et al., 2005; Weir et 
al., 2006; San Miguel et al., 2008; Xu et al., 2009), although collagen IV has been shown recently 
to be also important for helping establish apical polarity of mammary acini (Plachot et al., 
2009). Work from the Bissell laboratory has demonstrated that laminin-111 is required for 
induction of mammary specific gene expression (Barcellos-Hoff et al., 1989; Myers et al., 1998; 
Gudjonsson, T. et al., 2002; Xu et al., 2009; Spencer et al., 2011). Much of the work on laminin-
dependent cellular polarity and function has been performed in cell culture systems, yet the 
same observations hold true in vivo (Sympson et al., 1994). The myoepithelial cells which were 
suggested to function as natural tumor suppressors in the human breast (Sternlicht and Barsky, 
1997; Gudjonsson, T. et al., 2002) appear to be crucial for the formation of polarity since they 
synthesize the α1 chain of laminin-111. Furthermore, the loss of myoepithelial function has 
been associated with breast cancer. The mechanism underlying how myoepithelial cells may 
function as tumor suppressors is only now being uncovered. Even in circumstances where 
myoepithelial cells retain their differentiated state, if the cells have lost the capacity to 
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synthesize laminin-111, they lose their tumor suppressor capacity (Slade et al., 1999; 
Gudjonsson, T. et al., 2002). Thus, normal myoepithelial cells maintain correct polarity and 
function of luminal epithelial cells through their ability to synthesize a BM-containing laminin-
111. In summary, the BM is the specific structural and functional regulator of epithelial tissues 
through the ability to present a multivalent scaffold in which epithelial cells can interact and 
gain functional cues. Laminins, specifically laminin-111, represent the conductor of this 
orchestration of tissue form and function. 
 
 

 
Figure 1.4. Assembly of basement membrane proteins in the mammary gland. Cell surface 
receptors integrins (blue) and dystroglycan (yellow) bind the LG modules of the α1chain of 
laminin-111 and anchor it to the surface allowing polymerization of laminin-111 (left surface). 
This results in spatial organization of the receptors at the surface of the tissue. As the basement 
membrane assembles this spatial organization is reinforced (right surface). Type IV collagen 
(red) forms a network that is physically linked to the laminin polymer by nidogen (black). 
Perlecan (orange) also interacts with laminin and type IV collagen as well as other BM 
components. The iterative organization presumably organizes the intracellular cytoskeletal 
network of the tissue as a whole. Figure reproduced from (Inman et al., 2011). 
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Perturbation of basement membrane disrupts tissue homeostasis 
The integrity of the BM is essential for correct signaling to epithelial cells. As discussed 

above, laminin is a critical component of the BM for mammary epithelium. Cytokines and 
proteinases embedded within the BM or secreted by stromal fibroblasts are needed for normal 
tissue remodeling of both the ECM in general and the BM in particular during growth, 
development or wound healing. However, synthesis and/or activation of these cytokines and 
proteinases under inappropriate circumstances can lead to scenarios that mimic developmental 
or wounding programs. Improper resolution or persistence of these programs allows for the 
establishment of a microenvironment permissive for tumor progression and disease. 
Degradation of ECM proteins, such as laminins and collagens have the potential to physically 
change the integrity of the ECM and disrupt the multivalent scaffolding needed to provide 
signals to epithelial cells for maintenance of tissue homeostasis. Furthermore, MMPs can 
release and/or activate growth factors and cytokines embedded in the ECM and reveal cryptic 
peptides from ECM components, which can influence cellular behavior (Mott and Werb, 2004; 
Horejs et al., 2014). MMPs have been shown to cleave cell surface molecules such as E-cadherin 
(Lochter et al., 1997; Noe et al., 2001), CD44 (Nakamura et al., 2004) and other cell surface 
molecules such as dystroglycan (Yamada et al., 2001), which can disrupt important 
microenvironmental interactions required for maintaining normal tissue integrity. 
 
Proteases are essential regulators of mammary gland morphogenesis and differentiation 

Proteolytic action remodels the ECM and stroma, and releases sequestered growth 
factors and cytokines. Not surprisingly, proteases are essential for mammary gland 
development and function. For the epithelial rudiment to fill the fat pad upon hormonal signals 
during puberty it is essential for the cells to take on an invasive phenotype and for proteinases, 
in this case, MMPs to pave the way by remodeling the ECM (Talhouk et al., 1991). To 
understand the role of proteinases in the mammary gland, a number of transgenic mice in 
which a particular proteinase (or proteinase inhibitor) is silenced or overexpressed have been 
developed. Although compensation by different MMPs makes it difficult to exclusively define 
the function of a single proteinase in vivo, the transgenic mouse models have provided insight 
into the importance of proteinases during mammary gland development and function. 
Additionally, three-dimensional (3D) physiologically relevant organotypic culture models have 
shed light on the importance of both the catalytic activity and the newly discovered functions of 
the non-catalytic domains of proteinases in mammary gland development (Correia et al., 2013; 
Kessenbrock et al., 2013; Mori et al., 2013). 

Several different classes of proteases are necessary for proper mammary gland 
development and function. Proteinases provide local environmental signals to promote EMT 
and invasion. For example, we showed more than 2 decades ago that MMP3 has a crucial role 
in remodeling of the mammary gland in involution (Talhouk et al., 1991), and that its aberrant 
activity in 3D collagen gels leads to EMT and a premalignant phenotype (Lochter et al., 1997). 
Others have shown that cathepsins play important roles during involution and apoptosis of the 
mammary gland (Watson and Kreuzaler, 2009; Sloane, 2012). Serine proteases are important as 
well: mice deficient for the serine protease plasminogen have difficulties supporting lactation 
due to a disruption in factors that control involution (Green et al., 2006). Other studies 
identified the serine protease, plasminogen activator kallikrein, as being important for 
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adipocyte differentiation in the mammary gland. Kallikrein is thought to play a role in the 
plasminogen cascade of remodeling the fibrin-rich preadipocyte stromal ECM (Selvarajan et al., 
2001).  

The most widely studied enzymes in the context of mammary gland development and 
differentiation are metalloproteinases, which include MMPs and the ‘a dysintegrin and 
metalloproteinases’ (ADAMs). MMPs consist of a family of over 20 zinc-dependent proteinases 
that are synthesized as latent enzymes that must be activated post-translationally (Kessenbrock 
et al., 2010). Their activity is modulated by endogenous inhibitors referred to as tissue 
inhibitors of metalloproteinases (TIMPs) (Murphy, 2011). Collectively, MMPs can degrade all 
protein components of the ECM and we now know a number of other proteins including E-
cadherin (Lochter et al., 1997). Over the past several decades, many transgenic mouse models 
have been developed to investigate MMP function in development and cancer (Wiseman and 
Werb, 2002; Gill et al., 2010). Interestingly, the MMP14 knock-out is the only single MMP gene 
knock-out model that is lethal. Overexpression of MMP14 (Ha et al., 2001) or MMP3 (Sympson 
et al., 1994) in the mammary gland leads to excessive side branching and advanced alveolar 
morphogenesis (Fata et al., 2004). Increased levels of the active form of MMP3 not only causes 
supernumerary branching in the mammary gland but is responsible for causing production of 
reactive oxygen species (ROS), changes in splicing of Rac1, EMT and genomic instability (Radisky 
et al., 2005), which precedes mammary tumor development (Sternlicht et al., 1999). Crossing 
the MMP3 overexpressing mouse model with a mouse overexpressing TIMP-1 decreases the 
detrimental effects of MMP3 overexpression/activity. These data support the notion that 
MMP3 activity in the mammary gland is important for branching morphogenesis but indicate 
that unscheduled activity alters the mammary tissue microenvironment. Furthermore, the fact 
that MMP3 activity could be tempered by TIMP-1 emphasizes the importance of a balance 
between enzymes and inhibitors for proper tissue development and homeostasis, and may 
explain why TIMPs are also risk factors in mammary cancer.  

Other studies using a mouse model in which MMP3 has been genetically suppressed 
have revealed a role for MMP3 in adipocyte differentiation (Alexander et al., 2001). TIMP-1 
overexpression gives rise to a phenotype that is similar to that seen following MMP3 depletion, 
supporting the idea that MMP activity, in particular MMP3 activity, is important for adipocyte 
differentiation during mammary gland involution. In studies in which slow release pellets of 
TIMP 1, 2, 3 or 4 were implanted into mouse mammary glands it was shown that TIMP1, 3 and 
4 inhibited ductal elongation, most likely via inhibition of MMP activity. However, TIMP2 had an 
elongation promoting effect (Hojilla et al., 2007). On the surface, the TIMP2 result seems 
contradictory, but increased levels of TIMP2 most likely raise the levels of MMP2 activation by 
increasing the formation of a tertiary complex (MMP14-TIMP2-MMP2) that is responsible for 
MMP2 activation in vivo (Ellerbroek and Stack, 1999; English et al., 2006).  

To unravel the mechanisms underlying these observations in vivo, cell culture studies 
have been most informative. These studies have revealed that active MMP3 increases ROS 
levels leading to genetic instability and EMT (Radisky et al., 2005), which contribute to tumor 
development in the aging gland. More recently, non-proteolytic functions of MMP3 (within the 
hemopexin domain) were found to be critical for EMT and invasion during branching 
morphogenesis (Correia et al., 2013). Proteomic analysis of MMP3 hemopexin domain binding 
partners revealed, surprisingly, that the chaperone heat-shock protein, 90β (HSP90β) interacts 
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specifically with the hemopexin domain of MMP3 in the extracellular space and that this 
interaction is critical for MMP3 function. Other work has implicated the hemopexin domain of 
MMP3 as a regulator of Wnt signaling and mammary stem cell activity (Kessenbrock et al., 
2013). In line with this, mice deficient for MMP3 exhibit decreased numbers of mammary 
epithelial stem cells (MaSC) and diminished mammary-reconstituting activity. Conversely, in the 
same study it was shown that MMP3 overexpression elevated MaSC function. Together these 
observations suggest that MMP3 activity may be necessary for the maintenance of MaSCs. 

3D cell culture models have been also essential for elucidating the many functions of 
MMPs in normal and malignant mammary glands (Barcellos-Hoff et al., 1989; Petersen et al., 
1992). For example, investigations into the role of MMP14 in mammary development were 
hampered due to the lethality of this gene knock-out. However, recent evidence indicates that 
the short intracellular domain of MMP14 is critical for epithelial cell invasion (Mori et al., 2013). 
Using engineered MMP14 constructs in which different domains were deleted, we discovered 
that only the short intracellular domain of MMP14 is needed to rescue branching 
morphogenesis in MMP14- deficient cells despite the fact that this sequence does not contain 
kinase activity. This deficiency is compensated for by integrin β1 which interacts with the short 
cytoplasmic domain of MMP14 and is required for interaction with the ECM, and for 
transducing the extracellular signals needed for epithelial cells to invade. These recent 
observations provide strong evidence that MMPs are important not only for ECM remodeling 
but also for the microenvironmental signaling that is necessary for morphogenic programs 
within the mammary gland (Inman et al., 2015). 
 
Concluding remarks 

Many studies have shown that context is crucial and that the status of the cellular 
microenvironment plays a significant role in whether cells within a tissue retain their normal 
architecture or undergo tumor progression. BM components, in particular laminin-111, and 
proteinases such as MMP14 are essential players in the role of context in the mammary gland. 
Understanding how reciprocal signaling between the cells and their microenvironments are 
regulated is crucial to understanding many organ-specific diseases including cancer. 
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Chapter 2  
The Ultrastructure of HMT-3522-S1 Acini 

 
 

Introduction 
 
 

Delineation of the mechanisms that establish and maintain the polarity of epithelial 
tissues is essential to understanding morphogenesis, tissue specificity and cancer. Three-
dimensional (3D) culture assays provide a useful platform for dissecting these processes. 
Control of context - defined here as the microenvironment and architecture of a cell culture - is 
essential to both the design and the interpretation of experiments performed in 3D culture. In 
these cultures, multiple microenvironmental parameters, such as cellular and tissue stiffness, 
composition of the extracellular matrix (ECM) and media (a substitute for lymph and blood), 
and cell-cell interactions, operate as they do in vivo and profoundly affect function (see 
(Lelievre and Bissell, 2005) for a comprehensive review of the importance of context in 3D 
cultures). We know that tissue architecture can be approximated in 3D culture; in particular we 
have succeeded in recreating the milk-producing mammary glandular epithelium and polar 
acini - the ductal tree - of the human breast in culture (Figure 2.1). We also know that signaling 
pathways in 3D cultures are regulated in a fundamentally different way than in cells cultured on 
tissue culture plastic (2D culture) (Bissell et al., 2005). Finally, there is substantial evidence that 
disruption of tissue architecture is a prerequisite to malignancy (Hagios et al., 1998; Bissell and 
Radisky, 2001). Thus, we must be concerned about the structural elements of the model system 
that are crucial for functional integrity. 

Epithelia are structurally and functionally defined by the polarized distribution of 
organelles and proteins: function, growth and survival of epithelial cells correlates with the 
degree of 'tissue' polarity. Formation of polarized epithelial tissues arises from a dynamic 
reciprocity between signals from the microenvironment and the genome (Bissell et al., 1982) 
leading to the changes in the pattern of gene expression. The process of tumorigenesis disrupts 
both the microenvironment and the polarity of the affected tissues (Bissell and Radisky, 2001). 
Substantial progress has been made towards understanding the integration of the signals that 
lead to both formation and disruption of polarity (Nelson, 2003).  

A fully formed organ is exponentially more complex than cells in culture, but cultivating 
cells in 3D begins to bridge the gap in function and consequently retains some of the knowledge 
that is lost when we destroy the structure of the organs and tissues by separating the cells and 
culturing them in 2D. There is much wisdom in the architecture of the organs. How else could 
there be such a rich array of functional differentiation in different organs given that the DNA 
sequence is the same in all the ten trillion cells of an individual? Primary cells isolated from 
tissues are an ideal starting point for 3D cultures since such cells still contain some of the 
memories of the organ. Unfortunately, primary cells are in limited supply, especially from 
humans. In addition, they are not easy to manipulate genetically, and individual samples will 
have considerable heterogeneity that could interfere with experimental reproducibility. Last 
but not least we still have not found a way of making all the relevant cells survive in culture. 
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As an alternative to primary cultures, cell lines have been developed from both normal 

and tumor tissues. Where some fundamental comparisons are made and similarities 
established between the primary cells and the respective cell line, then the benefits of studying 
cell lines are many. These include such features as tractability, reproducibility, availability and 
homogeneity, although these traits need to be recalibrated from time to time in relation to the 
corresponding primary cells. Cell lines grown in 3D reduce the complexity of the in vivo state 
and allow us to manipulate culture conditions and functions. In addition, they could provide 
keys to the information encoded in the tissue architecture.  

Many of the 3D culture studies of non-malignant human breast epithelial cells have 
been performed using two breast epithelial lines, HMT-3522-S1 (S1) (Briand et al., 1987) and 
MCF10A (Soule et al., 1990), both of which were featured in the initial publication that 
described the 3D culture assays of human breast (Petersen et al., 1992). Both cell lines were 
isolated from fibrocystic breast tissues, and both form relatively homogeneous organotypic 
acinar structures resembling in vivo terminal ductal lobular units when placed in 3D culture in 
laminin-rich extracellular matrix (lrECM) (Figure 2.1). A recent study assessed polarity in the 
two breast epithelial cell lines and found that S1 cells establish apical polarity as measured by 
immunostaining of polarity markers at a higher rate than MCF10A (Plachot et al., 2009). This 
suggested that S1 cells are more organized epithelial cells and perhaps a better model of 
epithelial organization.  
 
 
Figure 2.1. Architecture and morphology of the 
mammary gland. (a) A cartoon representation 
of the structure of the epithelial tissue of the 
human mammary gland indicating a large duct 
branching into a lobule. (b) A representation of 
a cross section cut through the bilayered 
epithelia: many bilayered acini that are part of 
the lobule would be apparent yet their direct 
connection to the lobule ‘disappears’ in the 2D 
cross section. (c) A magnified cross section of 
the terminal ductal lobular unit (TDLU) referred 
to as an acinus. Acinar polarity is demonstrated 
where apical proteins face the lumen formed by 
luminal epithelial cells and the basement 
membrane (BM) is in contact with 
myoepithelial cells (d) S1 cultured cells form a 
single layered acinus-like structure in 3D culture 
with apico-basal polarity despite the lack of the 
myoepithelial/basal layer. Figure adapted from 
(Inman and Bissell, 2010).  
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The ultrastructure of MCF10A acini cultured in 3D lrECM has been examined by electron 
microscopy (Underwood et al., 2006). The authors observed growth arrested structures with 
cleared lumen. An endogenous basement membrane with a dark band of the lamina densa was 
demonstrated. Hemidesmosomes composed of α6β4 integrin were observed connecting the 
cell membrane to the basement membrane. Tight junctions were not observed in the MCF10A 
acini, this is in contrast to normal breast tissue where tight junctions are frequently seen at the 
apical surface of luminal cells. Desmosomes were observed at cell-cell junctions, adherens 
junctions were not definitively observed. Abundant intermediate filaments were observed 
connecting to the nucleus, desmosomes and hemidesmosomes. Intermediate filaments were 
present in much higher density than observed in human breast tissue. The authors conclude 
that the greater bundling of intermediate filaments could be required for architectural support 
that would be provided by myoepithelial cells and the stroma in vivo (Underwood et al., 2006). 
Overall, MCF10A acini recapitulate many, but not all, features of normal human breast tissue.  

In order to examine factors that influence the polarity of the S1 acini we undertook a 
detailed ultrastructural examination of S1 cells cultured in 3D lrECM. We sought to correlate 
the immunofluorescence data suggesting polarized organization of proteins in S1 acini with 
data from ultrastructural evaluation. Evaluation by electron microscopy revealed a far more 
complicated organization than we anticipated. Based on light microscopy studies (Plachot et al., 
2009) we hypothesized that S1 cells would demonstrate ultrastructural polarization very close 
to human breast luminal epithelial cells. We found that similar to the study on MCF10A 
(Underwood et al., 2006) S1 acini did not resemble in vivo luminal epithelial cells. Detailed 
review of the literature and our data revealed that the ultrastructural characteristics of S1 cells 
more closely resemble that of in vivo basal epithelial cells of the mammary gland. In an effort to 
increase the ultrastructural resolution into 3D space we employed focused ion beam scanning 
electron microscopy (FIB-SEM) and serial block face scanning electron microscopy (SBF-SEM) in 
this study.  

 
 

Experimental Procedures 
 
 
HMT-3522 cell culture 

2D cell culture: HMT-3522-S1 mammary epithelial cells (Briand et al., 1987; Briand et al., 
1996) were grown on Falcon tissue culture plastic flasks as two dimensional (2D) monolayers in 
H14 medium (Blaschke et al., 1994). H14 medium is composed of DMEM:F12 medium (UCSF 
Cell Culture Facility) with 250 ng/mL insulin (Sigma), 10 ug/mL transferrin (Sigma), 2.6 ng/mL 
sodium selenite (Sigma), 10-10 M estradiol (Sigma), 1.4 X 10-6 M hydrocortisone (Sigma) and 5 
ug/mL prolactin (Sigma). The S1 cells were propagated with the addition of 10 ng/mL of 
epidermal growth factor (EGF; Sigma) to the H14 medium.  

3D cell culture: Three dimensional cultures were constructed using confluent 2D 
monolayers of S1 cells. Cells were trypsinized with 0.25% trypsin-EDTA (UCSF Cell Culture 
Facility), trypsin was quenched with Soybean Trypsin Inhibitor (SBTI, Sigma), cells were counted 
and the desired number of cells was spun down into a pellet. S1 cells are plated into 3D at 0.8 
million cells per milliliter of lrECM (Matrigel®) when embedded inside lrECM. Thus, each assay 
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was composed of 240K S1 cells resuspended into 300uL of lrECM and pipetted into a 4-well 
Nunc plate (1.9cm2/well) that had been pre-coated with 50uL of lrECM to prevent invasion to 
the bottom plastic surface. The lrECM assays were placed in a 37˚C incubator for 30 minutes for 
the lrECM to polymerize. The assays were then fed with 500uL H14 + EGF medium and cultured 
in a 37˚C in a humidified atmosphere with 5% CO2 in air. The cells were subsequently fed every 
2-3 days and harvested after 10 days of growth.  
 
Immunofluorescence  

Day 10 HMT-3522-S1 acini were harvested from 3D lrECM cultures either by pipetting 
the lrECM + acini directly onto a superfrost plus glass slide (Thermo Fisher Scientific) and 
smearing the gel onto the slide or by partially digesting the lrECM with a mixture of ice cold PBS 
+ 5mM EDTA for 15-30 minutes. Once the lrECM dissolves and the acini settle to the bottom of 
the well the PBS-EDTA is removed and acini are pipetted onto superfrost plus glass slides and 
allowed to settle onto the slide for 5 minutes, but not to dry out. The acini on the slides were 
then fixed in 4% paraformaldehyde for 20 minutes at room temperature or fixed in 1:1 
methanol: acetone for 20 minutes at -20˚C. Slides were blocked in 10% goat serum in IF buffer 
(PBS + 0.1% BSA + 0.2% Triton X-100 + 0.05% Tween-20) for 30 minutes at room temperature. 
Slides were then blocked in IF buffer + 10% goat serum + anti-mouse IgG Fab fragments (1:250 
dilution; BD Biosciences 553998) in order to block non-specific antibody binding to lrECM. 
Primary antibody is applied in blocking solution + anti-mouse IgG Fab fragments over night at 
4˚C. Slides are washed 3 x 2 hours in IF buffer. Secondary antibody is applied over night at 4˚C. 
Slides are washed 3 x 2 hours in IF buffer and DAPI is applied for 5 minutes to stain nuclei. 
Stained acini were imaged on a Zeiss LSM 710 confocal microscope with Zen software or a Zeiss 
Axioskop Imaging platform with SPOT Basic software. For cryosectioned acini, acini in lrECM 
were scooped out of culture wells and were embedded in O.C.T. freezing medium. Blocks of S1 
acini in O.C.T. were sectioned on the Leica Cryostat CM3050S (Leica Microsystems, Wetzlar, 
Germany) and sections were processed for staining and imaging as above. Acini were stained 
with Alexa Fluor 488 phalloidin (Invitrogen A12379, 1:200) to detect F-actin or with the 
following antibodies: rat anti-α6 integrin clone GoH3 (BD Pharmingen 555734, 1:300), rabbit 
anti-ZO-1 (Life Technologies 61-7300, 1:100), mouse anti-laminin γ2 clone D4B5 (Millipore 
MAB19562, 1:200), rabbit anti-pan laminin (Sigma L9393, 1:100), rabbit anti-Keratin14 
(BioLegend PRB-155P, 1:500).  
 
High pressure freezing and freeze substitution 

Day 10 HMT-3522-S1 acini, unfixed in lrECM or BSE stained and in water, were placed in 
1mm wide by 200µm deep aluminum freezing hats, and prior to freezing were surrounded with 
20% bovine albumin as a cryoprotectant. The acini were then cryo-immobilized using BAL-TEC 
HPM-010 high pressure freezer (BAL-TEC, Inc., Carlsbad, CA). The samples that had been 
unfixed were placed in freeze-substitution medium made up of 1% osmium tetroxide, 0.1% 
uranyl acetate, and 5% ddH20 in acetone. In contrast, the samples BSE stained prior to HPF 
were put into a freeze-substitution medium made up of 4% osmium tetroxide, 0.1% uranyl 
acetate, 5% ddH2O in acetone. All samples were freeze-substituted either using a Leica AFS2 
(Leica Microsystems, Wetzlar, Germany) following a previously described protocol (McDonald, 
2007) or by a method of super quick freeze substitution (McDonald and Webb, 2011). Upon 

18 
 



completion of freeze-substitution, the “unfixed” acini samples were rinsed five times in pure 
acetone and then progressively infiltrated with an epon-araldite resin (McDonald and Muller-
Reichert, 2002). Following five rinses in pure acetone, the BSE stained acini samples were 
infiltrated with hard-forming epon resin with accelerator according to the following schedule: 2 
hours in 2:1 acetone: resin; 2 hours in 1:1; 4 hours in 1:2; and overnight in pure resin. All 
samples were flat embedded between two slides using two layers of parafilm as a spacer before 
being polymerized in an oven at 60˚C overnight (Muller-Reichert et al., 2003). 
 
Microwave-assisted BSE staining 

HMT-3522 acini embedded in Matrigel were chemically fixed with 2% paraformaldehyde 
and 0.1% glutaraldehyde in phosphate buffer, except the samples stained with ruthenium red. 
The acini were stained with an osmium-thiocarbohydrazide-osmium (OTO), ruthenium red 
osmium-thiocarbohydrazide-osmium (ROTO), or tannic acid osmiumthiocarbohydrazide-
osmium (TAO) method in combination with microwave-assisted processing. TAO and ROTO 
staining have unique beginning steps, which then converge with those of OTO staining upon 
introduction of osmium tetroxide.  

ROTO staining was performed by incubating the acini in 2.5% glutaraldehyde and 0.05% 
ruthenium red in 0.1M sodium cacodylate buffer, followed by thrice rinsing in buffer. 
Ruthenium red adversely reacts with phosphate-based buffers, which therefore should be 
avoided when this staining method is used, including during OTO steps (Belton, 1979). Samples 
were then thrice rinsed in buffer before being incubated in 2% osmium tetroxide and 0.05% 
ruthenium red in buffer and microwaved for 2 minutes at 150 W. Samples were rinsed three 
times in double distilled water before proceeding through the remainder of the OTO protocol, 
beginning at the thiocarbohydrazide incubation. 

TAO staining was carried out by rinsing the samples 3 times in 0.1M phosphate buffer. 
Acini were then incubated in 2% arginine-HCl + 2% tannic acid in double-distilled water, using a 
Pelco Biowave microwave (Ted Pella Inc., Redding, CA) for 2 minutes at 150 watts of power. 
Samples were rinsed three times in double-distilled water before proceeding through the 
remainder of the OTO protocol, beginning with the second osmium incubation. 

For OTO staining, acini were rinsed three times with 0.1 M phosphate buffer or water 
and then incubated with a solution of reduced 2% osmium tetroxide (containing 1.5% 
potassium ferricyanide) in buffer or water. Following three rinses with buffer or water, the acini 
were microwaved for 40 seconds at 150 W in 0.1% thiocarbohydrazide in double-distilled water 
and then rinsed three times with water. Finally, they were microwaved for 1 minute at 150 
watts with 2% osmium tetroxide and rinsed three times in water. To enhance preservation and 
contrast, the samples were high-pressure frozen and freeze substituted with a solution of 4% 
osmium tetroxide, 0.1% uranyl acetate and 5% water in acetone, as outlined above. 
 
Serial block face SEM imaging  

Organoids embedded in resin were mounted onto an aluminum pin with a 
cyanoacrylate adhesive and colloidal silver paint. The pin, which takes the place of a normal 
SEM stub, was loaded into a sample holder for the Gatan 3View, (Gatan, Pleasanton, CA). Serial 
block face scanning electron microscopy was carried out as previously described (Denk and 
Horstmann, 2004). Data were collected using an FEI Quanta 600 FEGSEM; serial images were 4k 
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by 4k and acquired at 5 keV; z-dimension slices of 50 nm; approximately 400 images were 
collected. Image processing was performed using ImageJ and 3D volume representations of the 
data were prepared using CHIMERA and Amira (Abramoff et al., 2004; Pettersen et al., 2004; 
Stalling et al., 2005). 
 
Focused ion beam SEM imaging  

Resin-embedded samples were trimmed with a thin razor blade to expose the area of 
interest on both the top and one side of the block. This was then glued to a SEM stub using 
colloidal silver paint. Milling and imaging of the block was carried out using a FEI Helios 650 
Dual Beam FIB (FEI, Hillsboro, OR). FIB milling at 50 pA generated a beam size of ~17 nm. 4k by 
4k images were collected with a backscatter electron detector at 2.5 keV; z-dimension step size 
of 4 nm; approximately 600 images were collected. Image processing was performed using 
ImageJ, and 3D volume representations of the data were prepared using CHIMERA and Amira 
(Abramoff et al., 2004; Pettersen et al., 2004; Stalling et al., 2005). 
 
Transmission electron microscopy 

Eighty to 90 nm thin sections were generated using Reichert Ultracut Ultramicrotome 
(Leica Microsystems, Wetzlar, Germany) and then collected onto a formvar coated rhodium 
reinforced copper 2mm slot grids. The grids were not post-stained. The sections were imaged 
using a FEI Tecnai 12 TEM (FEI, Eindhoven, The Netherlands) and images were recorded using a 
Gatan CCD with Digital Micrograph software (Gatan Inc., Pleasanton, CA). ImageJ software and 
Adobe Photoshop CS4 were used for further image processing (Abramoff et al., 2004); Adobe 
Systems Inc., San Jose, CA).  
 

Results 
 

Immunofluorescence 
Growth arrested acini composed of S1 cells that had grown from a single cell over 10 

days in 3D lrECM culture were divided up for analysis by transmission electron microscopy 
(TEM) or confocal microscopy. The samples slotted for confocal microscopy were 
immunostained for markers of epithelial polarization and organization. The tight junctions 
protein zona occludens 1 (ZO-1) is associated with the formation of tight junctions at the apical 
side of the epithelium and was found to be apically polarized in approximately half of the acini 
sent for TEM analysis (Figure 2.2a). The basal marker α6 integrin, of the α6β4 integrin 
heterodimer, was localized to the basal side of S1 acini in all of the acini sent for TEM analysis 
(Figure 2.2b). The endogenously produced basement membrane protein laminin γ2 of laminin-
332 was strongly concentrated at the basal side of the acini suggesting production and 
organization of endogenously produced basement membrane in these acini (Figure 2.2c). The 
basal keratin, keratin 14, was localized to the basal side of the S1 acini (Figure 2.2d).  

In order to examine sections of the acini, acini were embedded in O.C.T., cryosectioned 
and processed for immunostaining. The co-staining of α6 integrin and ZO-1 showed a basal 
pattern of α6 integrin staining and apical stain of ZO-1 (Figure 2.3a). The stain of α6 integrin 
alone clearly shows a basal pattern of staining and many of the acini appear to have apically 
oriented lumen in these images (Figure 2.3b). The F-actin as stained by phalloidin stains lateral 
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and apical in most acini (Figure 2.3c). A pan-laminin stain shows the lrECM along with 
endogenous laminin localized to the basal side of the acini (Figure 2.3d).  

 
 

Figure 2.2. Immunofluorescence 
of polarity markers in S1 3D acini.  
(a) The apical protein ZO-1 is 
localized to the apical region of S1 
acini suggesting apical polarity. S1 
nuclei are blue. (b) The basal 
protein α6 integrin is localized to 
the basal region of S1 acini. (c) 
The human-specific antibody to 
the basement membrane protein 
laminin gamma 2, a part of the 
heterotrimer of laminin-332, 
stains in a basal position 
suggesting endogenous basement 
membrane deposition. (d) The 
intermediate filament protein 
keratin 14 found in basal cells of 
the mammary gland stains 
specifically in the basal position of 
the S1 acini.  Scale bars 20µm. 
 

 

 
Figure 2.3. Immunofluorescence of cryosectioned S1 3D acini. (a) The co-staining of α6 integrin 
and ZO-1 demonstrates the separation of the ZO-1 apical protein from the basal α6 integrin. 
Nuclei are blue. (b) The α6 integrin stain alone shows basal localization and the acini appear to 
possibly have apically oriented lumen. (c) F-actin stained with phalloidin shows strong lateral 
and apical staining. (d) The pan-laminin stain illuminates the laminin of the lrECM as well as 
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endogenous laminin secreted by the S1 cells localized to the basal side of the acini. Scale bars 
30µm. 
 
 
TEM 

The TEM analysis of S1 acini began with high pressure freezing of S1 acini removed 
directly from 3D cultures. The samples were then freeze-substituted and embedded in resin. In 
order to confirm that the structures were successfully embedded in resin they were sectioned 
and stained with toluidine blue. The sections revealed acini of 30-80 microns in diameter with 
5-12 cells per structure (Figure 2.4a). Data was collected on mid-sized acini with ~10 cells per 
structure and 40-50 microns in diameter. This size of structure was consistent with the confocal 
microscopy indicating an average of 10 cells per structure. TEM was performed on 10 acini in 
order to be certain that we are describing consistent features of the S1 acini (Figure 2.4b).  
 
 

 
Figure 2.4. Overview of S1 acini imaged by TEM. (a) Thick sections of resin embedded acini 
stained with toluidine blue showing the range of sizes of S1 acini. (b) Low magnification TEM of 
acini from the middle of the acini. The set of images demonstrate the variety of cell 
arrangements and cell density observed in the cultures. There is no clear central lumen, but 
there are intercellular spaces filled with membrane protrusions. 
 
 

We examined markers of polarity in the TEM images. Of specific interest was the apical 
organization, we looked for tight junctions and were unable to find many, those that were 
present were intermittent and short. If a tight junction joined two cells it was not in the correct 
apical position near the luminal opening. In addition, there were microvilli-like structures 
flanking the junction on both sides. We could not discern true lumens in the apical area of the 
acini. We did see abundant intercellular spaces between cells filled with microvilli-like 
projections (Figure 2.5b). There were abundant desmosomes across the lateral surfaces of the 
cells (Figure 2.5b) and on the basal surface were hemidesmosomes that connected the cells to 
intermittent basement membrane (Figure 2.5c). The basement membrane present was normal 
and robust, but the intermittent appearance of the basement membrane was an unexpected 
observation. Most organelles including the golgi were positioned apically as expected in a 
polarized epithelium. Prominently stained tonofilaments were observed throughout the 
cytoplasm (Figure 2.5b). These filaments are likely keratin filaments, S1 cells are known to 
express keratins 5/14. In addition to the polarity markers, we observed extensive nuclear 
invaginations in the S1 nuclei (Figure 2.5d). 
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Overall, the results consistently showed a lower level of polarization than we expected 
based on fluorescent immunostaining so we asked if the culture conditions did not allow the S1 
cells to growth arrest and form polar structures. In order to force growth arrest on the S1 cells 
we modified the culture conditions by withdrawing EGF from the culture at the end of the 
culture period or adding an EGFR inhibitor at the end of the culture period. We found that the 
ultrastructural features of the S1 acini did not change with these modifications. Indeed, 
multiple lines of evidence suggested our S1 acini were able to growth arrest on their own. We 
therefore focused on interpreting and expanding our electron microscopic analysis into 3D.  
 

 
Figure 2.5. Tissue structure of S1 3D. (a) S1 acinus 
cross section showing 8 cells present near the center 
of the acinus. No lumen is evident and junctional 
complexes consist of desmosomes. (b, b’) High 
magnification of intercellular spaces with microvilli-
like structures (black arrows), abundant desmosome 
junctions (red arrows) and prominently stained 
tonofilaments (green arrows). (c, c’) The basal surface 
of the S1 acinus has basement membrane formation 
(black arrow) and hemidesmosomes stabilizing the 
basement membrane (red arrow). (d, d’) S1 cells 
often have nuclear invaginations (black arrows).  
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FIB-SEM and SBF-SEM 
In order to increase spatial resolution of our ultrastructural analysis, we processed the 

S1 acini with two 3D scanning electron microscope (SEM) techniques: focused ion beam SEM 
(FIB-SEM) and serial block face SEM (SBF-SEM). FIB-SEM allows 3D imaging at a resolution 
comparable to electron tomography, i.e. ~4-10nm in XY and 4nm in Z direction, enabling 
visualization of entire cell clusters at molecular resolution. Our dataset within a S1 acini was up 
to 2.5 microns deep, with a nearly isotropic voxel size of 3.7nm X, 4.9nm Y and 4nm Z.  On the 
other hand, using SBF-SEM we collected a lower resolution dataset over a depth of 20 microns 
with a voxel size of 15nm X, 19nm Y and 50nm Z. These datasets are quite different in size and 
resolution, the depiction of which is demonstrated in Figure 2.6. The 3D resolution allowed 
additional insight into the ultrastructure of the S1 acini. The high volume, low resolution data 
from the SBF-SEM provided information about the cell-cell connectivity across the entire tissue 
leading to the discovery of a pseudo-lumen in the S1 acini. The high resolution data from the 
FIB-SIM allowed visualization of features like the primary cilium, nucleus and plasma 
membrane.  
 
 

 
Figure 2.6. FIB-SEM vs. SBF-SEM. Panels (a) and (b) 
demonstrate the difference in the size of the datasets 
between FIB-SEM and SBF-SEM. The dataset of SBF-SEM 
is at least two orders of magnitude larger than the FIB-
SEM dataset. The tradeoff is that the SBF-SEM dataset is 
collected at a lower resolution.  
 
 
 
 
 
 

 
 

The high-resolution 3D data suggests a semi-polarized state of the growth arrested S1 
acini. The elements consistent with a polarized resting tissue were an apically oriented primary 
cilia (Figure 2.7a), apical Golgi orientation, intermittent basement membrane deposition and 
tripartite nucleoli in all of the cells (Figure 2.7c). Three dimensional segmentation of the cilia 
allowed visualization of the recently described ciliary pore complex between the base and top 
of the cilia (Figure 2.7b) (Ounjai et al., 2013). Cell cycle arrest was confirmed by the observation 
of complete tripartite nucleoli in all of the cells (Figure 2.7d). Features observed suggestive of a 
less polarized tissue were intermittent lateral tight junctions and enrichment in desmosomes. 
We also observed features that were unexpected but have been documented in the literature 
in normal human breast such as the extensive intercellular space with irregular microvilli 
(Figure 2.8a, b) and extensive nuclear invaginations. Using 3D rendering of the plasma 
membrane, the extensive membrane protrusions along the interior facing surfaces of the cells 
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were positively correlated with vesicular traffic at the base of the protrusions (Figure 2.8b). The 
protrusions displayed a relatively consistent diameter (100 nm), but varied in length and shape 
and were observed to branch on occasion. The 3D resolution allowed us to observe that the 
nuclear invaginations ran completely through the nuclei forming tunnels that contain the 
electron dense tonofilaments (Figure 2.8c, d). In order to determine if a lumen was present in 
the S1 acini, we used the high volume SBF-SEM data to extract out the luminal space (Figure 
2.9a, b). A lumen was present, but it was much smaller and less defined than is often seen in 
vivo.  

 
 

 
Figure 2.7. Cilia and tripartite nucleoli in S1 3D acini. (a) FIB-SEM image where primary cilium 
and basal body were observed in an apical position in the acinus (white arrowhead). (b) The 
primary cilium (blue), basal body (orange and red) and ciliary pore complex (yellow) were 
extracted out of the dataset. (c) FIB-SEM image showing two nucleoli are present in this 
nucleus. Each nucleolus contains the large granular component (G), spherical shaped lightly 
stained fibrillary center (white arrowhead) surrounded by the dense fibrillary component 
appearing darkly stained (black arrowhead). A small amount of heterochromatin is observed, 
particularly near nuclear pores. Nuclear pores are indicated with an (*) and mitochondria are 
indicated with (m). (d and e) Three dimensional view of the nucleus and individual nucleolus; 
dark aqua corresponds to the dense fibrillary component (black arrowhead), light aqua the 
fibrillary component (white arrowhead), orange shading is the granular component (G) and the 
nuclear envelope is segmented in gold. The dense fibrillary component structure is observed 
winding around the outside of the more lightly stained fibrillary center.  
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Figure 2.8. 3D segmentation of microvilli and nuclear tunnels in S1 acini. (a) Large frequencies 
of vesicles are present at the plasma membranes near regions enriched with microvilli-like 
membrane protrusions; (b), a 3D representation of the same area confirms the association with 
an increase in vesicles corresponding to a high density of membrane protrusions originating 
from the same plasma membrane. The black arrowheads in (a) and (b) indicate the same 
vesicles in each image. (c) An image from a FIB-SEM dataset shows a thick electron dense 
filament running through a tunnel in the nucleus (black arrowheads). (d) 3D segmentation 
demonstrating the nuclear envelope in purple and the electron dense filament passing 
completely through the nucleus within the nuclear tunnel in yellow. On either side of the 
nucleus the filament is connected extensively with the intermediate filament network of the 
cytoplasm. Thin projections of the filament appear to directly connect with the nuclear 
envelope. The thick filament is 190 nm in diameter and runs 4.5 microns in length. The tunnel 
itself is 430 nm in diameter. Scale bars = 1µm. 
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Figure 2.9. Lumen formation 
in S1 acini. (a) SBF-SEM 
image of S1 acinus of the 
intercellular luminal space 
observed (black arrowhead). 
(b) The luminal space was 
extracted out of the dataset 
and is displayed in blue. Scale 
bars = 4µm. 
 
 

 
 

Discussion 
 
 

 We undertook this study with the aim of comparing ultrastructural features of S1 acini 
to genetically modified S1 acini. The unexpected results and complex ultrastructural 
organization observed in S1 acini led us to focus our efforts on describing the ultrastructure of 
the S1 acini more deeply. We imaged multiple cultures of S1 acini with TEM. The results 
consistently showed a lower level of polarization than we expected based on fluorescent 
immunostaining, so we asked if the culture conditions did not allow the S1 cells to growth 
arrest and form polar structures. Modification culture conditions to force growth arrest did not 
impact our TEM results. We therefore focused on interpreting our results and expanding our 
analysis into 3D electron microscopic imaging modalities.  

Our experience with cultured mammary epithelial cells has led us to conclude that most 
non-tumorigenic mammary epithelial cell lines are hybrids of basal cells (also referred to as 
myoepithelial cells) and luminal epithelial cells. The act of forcing cells to grow on 2D cell 
culture plastic may require the cells to upregulate basal characteristics and/or selects for cells 
with basal or progenitor cell characteristics to form cell lines. We find a number of basal 
markers in our cultured “luminal” epithelial cell lines S1 and Eph4 (Reichmann et al., 1989) 
(Table 2.1). As a result, our finding that the ultrastructure of S1 acini does not appear purely 
luminal should not surprise us. Our results need to be interpreted through the lens of looking at 
a luminal and basal hybrid cell line and/or a progenitor population. In fact our data could 
provide insight into the ultrastructural appearance of the infrequent progenitor cell. 

Studies of normal human breast using electron microscopy have provided detailed 
descriptions of the ultrastructure of the human breast with which to compare our studies of the 
S1 cell line. One hallmark of polarized epithelium is the apically oriented junctional complexes 
forming a continuous seal around the apical border. Tight junctions are part of the junctional 
complex, they are dynamic structures found in the luminal epithelial cells of the mammary 
gland and not in the myoepithelial cells. Mammary epithelium examined in EM sections has 
tight junctions that appear as a series of punctate sites of membrane fusions at the apical side 
of the luminal epithelium. The joined membranes are highly disordered in all stages of 
mammary gland development except lactation when they display a more ordered arrangement 
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(Pitelka et al., 1973). Tight junctions decrease permeability upon lactation and modulate 
permeability based on the needs of the gland (Nguyen and Neville, 1998). The changes in 
permeability do not appear to be related to assembly/disassembly, rather state changes in the 
junctional complex (Nguyen and Neville, 1998). Tight junctions were infrequently observed in 
the S1 acini and those observed were intermittent and short. They were not located adjacent to 
a lumen. Of note, both hydrocortisone and prolactin have been shown to promote tight 
junctional state changes in the mammary gland (Nguyen and Neville, 1998) and both are 
included in S1 culture medium. These observations suggest S1 acini differ from luminal 
epithelium in their ability to form continuous tight junctions under our culture conditions. The 
basal characteristics of the S1 cell line appear to dominate with regard to the formation of tight 
junctions. 

We have observed that cultured cell lines 
derived from pregnant or lactating glands 
assemble tight junctions in 2D and 3D cultures 
with the characteristic apical banding pattern of 
ZO-1 staining and experimentally demonstrated 
sealing of tight junctions (Fischer et al., 2007; Xu 
et al., 2009). Examples of such cells include the 
mouse mammary epithelial cell line Eph4 
(Reichmann et al., 1989; Xu et al., 2009) and the 
human epithelial cell line 250MK derived in 
Martha Stampfer’s lab from human breast milk 
(Garbe et al., 2009). They are likely derived from 
alveolar epithelial progenitor cells that expand 
and differentiate during pregnancy (Visvader and 
Stingl, 2014). The enhanced ability to form tight 
junctions in pregnancy-derived cell lines suggests 
that in culture the cells retain aspects of the 
differentiation state they were in in vivo. On the 
other hand, the S1 cells were derived from benign 
breast tumor of a 50-year-old Caucasian woman 
(Briand et al., 1987) and more likely to be derived 
from a ductal progenitor cell population or a multipotent progenitor. Thus, we hypothesize that 
the differentiation state of the cell of origin of the mammary epithelial cell line likely plays a 
large role in the capacity of those cells to make tight junctions in culture.  

Electron microscopic studies in mammary tissue revealed that the intermediate 
junctions (adherens junctions) are more or less weakly developed in the mammary gland 
(Pitelka et al., 1973). We observed infrequent short tight junctions that presumably would have 
contained adherens junctions in a basal position to the tight junctions. As adherens junctions 
are weakly formed in vivo and we observed short tight junctions we do not believe that 
adherens junctions formed in our S1 acini. Overall, we can conclude that apically oriented tight 
junctions and adherens junctions complexes do not occur in S1 acini grown in 3D lrECM.  

In the mammary gland desmosomes complete the junctional complex. Desmosomes are 
often found completing the junctional complex basal to adherens junctions at the apical side of 

Table 2.1 Basal cell characteristics found in 
mammary epithelial cell lines 

Protein in basal 
cells in vivo 

Luminal 
in vivo 

S1  
in vitro 

EpH4  
in vitro 

EGFR - + + 

α6 integrin +/- + + 

β4 integrin - + + 

Maspin - + + 

p63 - + - 

Keratins 5/14 - + + 

Connexin 43 - + + 

14-3-3σ - + ? 

Epimorphin +/- + + 

Laminin α1 - + - 

Vimentin - + + 

Collagen IV - + + 

Desmogleins 3 - + + 

Desmocollins 3 - + + 
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the luminal cell (Pitelka et al., 1973). Additional desmosomes are irregularly distributed 
between the luminal cells along the lateral membranes. The basal myoepithelial cells contain 
desmosomes between each other (Stirling and Chandler, 1976b) and desmosomes are also 
occasionally observed in between luminal and myoepithelial cells (Ozzello, 1974). We observed 
desmosomes present in supraphysiologial levels in S1 acini. The abundance of desmosomes 
correlates with the abundance of keratin filaments (tonofilaments) observed in the acini. The 
normal human mammary cell line MCF10A cultured in 3D and examined by EM also had 
increased keratin filaments and desmosomes (Underwood et al., 2006). It is likely that the 
upregulation of keratins and desmosomes in these cell lines is a protective mechanical response 
to the stiff culture conditions encountered on 2D plastic where they are propagated 
(Underwood et al., 2006).  

Epithelial connection with the basement membrane is mediated through 
hemidesmosomes. Hemidesmosomes appear in abundance in myoepithelial cells in mammary 
epithelial tissue, whereas luminal epithelial cells in contact with basement membrane don’t 
form fully developed hemidesmosomes (Stirling and Chandler, 1976b). The hemidesmosomes 
we observed in the S1 acini were not well-formed, but were present in all cells on the basal 
surface. They were more similar to the luminal cell hemidesmosomes observed in vivo than the 
myoepithelial cell hemidesmosomes. It is not clear if the amount of culture time would increase 
hemidesmosome maturation or if the capacity to form hemidesmosomes is decreased in S1 
cells. The basement membrane deposition was intermittent in our EM analysis. It is possible 
that our processing technique would not retain the basement membrane if it were weakly 
attached by immature hemidesmosomes. Our immunofluorescence data indicates that 
endogenous basement membrane is deposited at the cell surface (Figure 2.2c). We can say that 
the basement membrane forms at the very least a discontinuous macromolecular network 
described in the introduction (Figure 1.4).  

Primary cilia are found in 20-40% of mammary epithelial cells and are predominantly 
found in the basal cells (Stirling and Chandler, 1976a; Nobutani et al., 2014). Primary cilia are 
found in quiescent cells and are disassembled for proliferation (Tucker et al., 1979). They are 
absent in breast cancer this is likely associated with dysregulation of cellular growth and cell 
cycle arrest and breast cancer cells that undergo cell cycle arrest are not able to form primary 
cilia (Nobutani et al., 2014). We found apically oriented primary cilia in the S1 acini suggesting 
they retain this aspect of normal breast epithelial cells, specifically the 20-40% of cells that 
express primary cilia in vivo. Primary cilia are found most often in basal cells leading to the 
conclusion that this feature of the growth arrested S1 cells is more basal-like.  

The irregular microvilli projections observed in the S1 are typical of breast tissue as 
described in many publications on the ultrastructure of the human breast (Pitelka et al., 1973; 
Ozzello, 1974; Stirling and Chandler, 1976b). The lateral surfaces of luminal epithelial cells in 
the breast are mostly straight when there is little intercellular space, whereas when the 
intercellular spaces are dilated they form microvillous projections (Ozzello, 1974). 
Interdigitating microvilli are more common in the basal cell region on all surfaces except the 
basal surface (Stirling and Chandler, 1976b). In the mouse, widened intercellular spaces are 
frequent and elongate cell processes commonly extend into these gaps (Pitelka et al., 1973). 
The extensive microvilli projections seen in the S1 acini are characteristic of human breast 
tissue and are typical of both luminal and basal cell morphology in vivo.  
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The nuclear morphology of the S1 acini was strikingly irregular with many indentations. 
Our 3D imaging revealed that some indentations actually formed tunnels through the entire S1 
nucleus. Nuclear invaginations have been observed in the human breast frequently in the 
myoepithelial layer and occasionally in the luminal epithelial layer (Ozzello, 1974; Stirling and 
Chandler, 1976b) and also in 3D cultured MCF10A human breast epithelial cells (Underwood et 
al., 2006). It is interesting that both S1 and MCF10A acini display this basal-like characteristic of 
nuclear invaginations. Our 3D imaging allowed us to see that these channels travel completely 
through the nucleus and contain electron dense thick filament-like bundles. Nuclear channels 
have been described before both in vivo and in culture (Johnson et al., 2003; Lui et al., 2003; 
Storch et al., 2007), but none of this magnitude with electron dense thick filament-like bundles. 
The electron dense filaments running through the nuclear channels we describe here set them 
apart from channels previously described. The function of the channels in our system and in 
normal mammary epithelium is of great interest and will be addressed in future experiments.  

An alternative interpretation of our findings is that the S1 acini display features of the 
structural organization found in basal cells of the mammary gland. Both basal cells and S1 cells 
demonstrate polarized distribution of organelles. These findings are in contrast to our original 
expectation of finding a highly polarized epithelial tissue composed of luminal epithelial-like 
cells. In hindsight the findings can be filtered through the lens of the many progenitor 
population studies that show progenitor cells are found in the basal cell population of the 
mammary gland (Prater et al., 2014). In addition, non-malignant cells that immortalize in 
culture are likely to have progenitor characteristics in order to proliferate indefinitely and adapt 
to the harsh 2D culture conditions. As such, it follows that the ultrastructural characteristics of 
the S1 acini are more basal than luminal in nature as S1 are likely derived from a basal 
progenitor population.  
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Chapter 3 
Laminin α1 in human breast epithelial cell polarization 

 
Introduction 

 
The mammary gland is a dynamic organ that undergoes significant postnatal 

development in response to circulating hormones and dynamic reciprocal interactions between 
the epithelium and mesenchyme. The extracellular matrix (ECM), specifically the basement 
membrane (BM), plays a role in shaping the integration of these cues. Cell culture based studies 
are rarely able to account for the role of BM as it is not assembled properly in two-dimensional 
(2D) cell culture. The Bissell lab was an early champion of studying cells in context and has 
developed robust three-dimensional (3D) culture models of mammary gland development and 
differentiation. One model employed in the lab is to embed and grow cells in a laminin-rich 
ECM (lrECM) also known by the trade name Matrigel®. Normal mammary epithelial cells 
undergo a morphogenetic program developing into growth arrested acinar-like structures 
(Figure 3.1). During this morphogenetic program, these cells produce, organize and assemble a 
tissue-specific BM (Figure 1.4). The tissue-specific BM is important in organizing the intracellular 
cytoskeletal network and maintaining tissue-specific functions.  
 
 

 
Figure 3.1. Development of an acinus in 3D lrECM culture. Non-malignant cell lines such as S1 
and MCF10A undergo a morphogenetic program in 3D lrECM culture where cells (nuclei, green; 
cytoplasm, red) divide and deposit basement membrane (black). Endogenous basement 
membrane is produced and incorporated into the basement membrane over the culture period.  
Lumen form in the apical region of the acini towards the end of the culture period. Culture 
period of 7-10 days is sufficient for S1 cells, MCF10A cells typically take 12-16 days to form 
larger acini.  
 
 

In collaboration with the lab of Dr. Ole Petersen, we developed 3D models using the 
progression series of syngeneic cell lines referred to as HMT-3522 (Briand et al., 1987; Petersen 
et al., 1992; Briand et al., 1996). The non-tumorigenic HMT-3522-S1 cells studied in chapter 2 
were established from fibrocystic breast tissue (Briand et al., 1987). The HMT-3522-S1 form 
growth arrested islands when grown on 2D plastic and growth arrested acini in 3D lrECM 
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culture. Using the technique of EGF withdrawal the spontaneous transformation of HMT-3522-
S1 (S1) into a tumorigenic cell line was achieved after 259 passages in the absence of EGF and 
passage through mice (Briand et al., 1996). This syngeneic tumorigenic cell line was named 
HMT-3522-T4-2 (T4) and forms invasive comedo carcinomas in mice and does not growth arrest 
in 2D or 3D culture (Briand et al., 1996). During selection in EGF-free medium multiple pre-
malignant cell lines were established including the HMT-3522-S2 (S2) (Briand et al., 1996) and 
HMT-3522-S3 (S3) (Rizki et al., 2008). These pre-malignant lines form disorganized masses in 3D 
culture but do not form tumors in mice. The S2 and S3 are useful in studying changes that lead 
to malignancy. Taken together the S1, S2, S3 and T4 represent a progression series of syngeneic 
breast cell lines that progress from non-malignant to malignant (Figure 3.2). 
 
 

 
Figure 3.2. Derivation of the HMT-3522 progression series. Reduction mammoplasty tissue 
spontaneously immortalized when cultured in a chemically defined medium that included EGF 
resulting in the HMT-3522-S1 cell line that remains nonmalignant after 400 passages in culture. 
The removal of EGF selected for a pre-malignant population HMT-3522-S2 that after an 
additional 120 passages in EGF free medium spontaneously transformed and formed tumors in 
mice (HMT3522-T4-2). In addition, the selection of HMT-3522-S2 colonies in 3D culture led to 
the isolation of the HMT-3522-S3 premalignant population. Figure adapted from (Rizki et al., 
2008). 
 
 

When cultured in organotypic 3D cultures the differences between non-malignant, pre-
malignant and malignant HMT-3522 cell lines are illuminated. S1 cells form growth arrested 
acini whereas the tumorigenic T4 cells do not stop growing and form disorganized masses. The 
pre-malignant cells form masses of varying sizes and levels of disorganization. These 3D 
cultures are done in the lrECM matrix composed of proteins secreted from the Engelbreth-
Holm-Swarm (EHS) mouse sarcoma cells. The major protein component of lrECM is laminin at 
60% w/v, followed by type IV collagen at 30% w/v and entactin at 8% w/v of the protein 
mixture. Mass spectrometry analysis of lrECM has identified hundreds of low abundance 
proteins present in the mixture (Hughes et al., 2010). The major growth factors are removed 
from the mixture during preparation in order to remove growth inducing proteins, but this 
study revealed that not all such proteins are removed. This undoubtedly contributes to the 
well-known lot-to-lot variation of lrECM. In order to avoid this variation, the Bissell lab tests and 
then purchases an entire lot of lrECM to conduct experiments in.  

The laminin heterotrimer found in lrECM, laminin-111, is part of a larger laminin family 
of heterotrimers. The laminin family consists of 12 proteins that can form 16 unique 
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heterotrimers (Domogatskaya et al., 2012). The highly glycosylated heterotrimers are 
composed of an α, β and γ chain that assemble through their coil-coil domains (Figure 3.3) 
(Miner and Yurchenco, 2004; Aumailley et al., 2005; Yurchenco, 2011). Assembly occurs 
intracellularly and is controlled by interactions in the coiled-coil domain the specificity of which 
limits the number of allowed heterotrimers (Macdonald et al., 2010). Once secreted, laminins 
interact with cell surface molecules such as integrins, dystroglycan and sulfated glycolipids 
adhering them to the cell surface. Polymerization through heterotypic αLN-βLN-γLN domain 
interactions generates a network of laminin at the cell surface. Interaction with other BM 
proteins embeds laminins into the BM.   

 
 

 
Figure 3.3. Mammalian laminin chains and their assembly into heterotrimers. (a) The twelve 
mammalian laminin chains, their domains and cellular receptors are diagramed. The laminin α 
chains have five globular domains (LG1-5) at the C terminus. In vivo the LG4 and LG5 domains 
are believed to be cleaved off in the α3, α4 and α5 chains (red dashed line), whereas all the LG 
domains in α1 and α2 chains are believed to remain intact and functional (the α2 LG domains 
remain attached after cleavage). As indicated, the LG domains mediate cellular binding; they 
bind integrins (α1β1, α2β1, α6β1, α6β4, α3β1, α7β1), dystroglycan and sulfated glycolipids 
(SGLs). The Lβ globular motif in the β chains binds agrin. Epidermal growth factor-like repeats 
are found at the N-terminal end of all chains (LEa-c). In addition 1-3 globular domains, some 
capable of interacting with integrins, are also in the N-terminal end of the chains (LN, L4, L4a, 
L4b, LFx). All chains have a central coiled coil domain. (b) The coiled coil domain mediates 
heterotrimerization of all 16 laminins. The 16 known laminins are diagrammed here. The LN 
domains are essential for polymerization of heterotrimers and incorporation into the BM. 
Laminins containing the α4 chain may not self-assemble well and laminin-332 cannot self-
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polymerize and thus is incorporated into the BM by other mechanisms (Durbeej, 2010).  Figure 
adapted from (Domogatskaya et al., 2012). 
 
 

Laminin-111, specifically, is an integral part of the tissue-specific mammary gland BM in 
vivo. The mammary epithelium synthesizes, modifies, assembles and deposits laminin-111 in 
the extracellular space in close association with the basal side of the mammary epithelium. 
Laminin-111 is able to reorganize the intracellular cytoskeleton and induce various cell signaling 
pathways through interaction with cell membrane receptors (Figure 1.3). Along with laminin-
111, laminin-511, laminin-521, laminin-121, laminin-332, laminin-211 and laminin-221 have 
been demonstrated in the BM of mammary and/or breast epithelium (Ronnov-Jessen et al., 
1996; Gudjonsson, Thorarinn et al., 2002; Villadsen et al., 2007). Laminin-111 is best 
distinguished by the α1 chain as the β1 and γ1 chains are shared with multiple other 
heterotrimers known to be present in the gland. Unfortunately, laminin-111 and laminin-121 
are difficult to distinguish molecularly, the known functional difference between β1 and β2-
containing heterotrimers is that the laminin β2 chain confers stronger ligation to “X2-type” 
variable region integrins (α3, α7X2, etc.) when compared to laminin β1 (Taniguchi et al., 2009). 
A stronger ligation will likely contribute to functional and structural integrity in tissues as 
laminin β1 can’t compensate for the absence of laminin β2 (Noakes et al., 1995a; Noakes et al., 
1995b).  

The presence of multiple heterotrimers in the same BM is common, but unique 
combinations and proportions generate functional specificity. This property is likely very 
important in the mammary gland, an organ that undergoes significant postnatal development 
and cycles of extreme glandular remodeling during pregnancy and involution. The lab of Pepper 
Schedin extracted BM from mammary glands at different stages of development and cultured 
mammary epithelial cells in the extracts (Schedin et al., 2004; O'Brien et al., 2010). They found 
that extracts from different time points in development had distinct morphogenetic activities 
on the same mammary epithelial cells. Thus, the tissue-specific BM is not only tissue-specific, 
but also developmental stage specific.  

The epithelial structure and differentiation within a gland is heterogeneous; it differs 
regionally within a single gland, differs between developmental time points and furthermore 
differs between species. In general, the branched epithelium of the resting mammary gland is a 
bilayer containing apically oriented luminal epithelial cells and basally oriented myoepithelial 
cells (Figure 2.1). The basal myoepithelial cells of the resting gland are thought to be the 
exclusive source of laminin α1 in laminin-111 in the mammary gland (Gudjonsson, Thorarinn et 
al., 2002). Laminin-111 is least abundant at the advancing edge of the end bud that is branching 
into the mammary fat pad. Interestingly, laminin-111 is most abundant in the lactating (fully 
differentiated) gland, likely because this stage of development contains the most epithelium. In 
fact, the bilayered epithelium breaks for alveolar development during pregnancy resulting in 
milk-producing alveolar luminal epithelial cells in direct contact with the laminin-111-rich BM 
(Emerman and Vogl, 1986) (similar to the acinus-like structure in Figure 2.1).  

Laminin-111 is important for the polarity and normal architecture of the breast as well 
as functional differentiation of mammary epithelial cells (Streuli et al., 1991; Gudjonsson, 
Thorarinn et al., 2002). When luminal cells isolated from human breast tissue are cultured in 3D 

34 
 



collagen gels in the absence of laminin-111 or myoepithelial cells that produce laminin-111, 
they are unable to polarize (Gudjonsson, T. et al., 2002). When laminin-111 or laminin-111 
producing myoepithelial cells are added back to the collagen gel, luminal cells properly polarize. 
Other laminins were not able to replace laminin-111 in this capacity (Gudjonsson, T. et al., 
2002). Microarray analysis of laser capture micro dissected breast tissue shows that the LAMA1 
transcript is significantly decreased in the elderly breast (Garbe et al., 2012). This suggests that 
the homeostatic structural and biochemical cues provided by laminin-111 decrease with age 
making the tissue more susceptible to pathologic disturbances. Indeed, during tumor 
progression laminin-111 disappears with the destruction of the microenvironment 
(Gudjonsson, Thorarinn et al., 2002; Beliveau et al., 2010). Many breast tumors are 
immunohistochemically negative for laminin-111 staining (Figure 3.4) (Ioachim et al., 1997; 
Gudjonsson, Thorarinn et al., 2002; Ioachim et al., 2002). 
 
 

 
Figure 3.4. Laminin-111 expression is lost in breast cancer samples. Frozen sections were 
made on a cryostat and stained for laminin α1 and counterstained with hematoxylin. Normal 
tissue of terminal duct lobular units (TDLU) stain strongly for laminin α1 whereas tumor 
samples from infiltrating ductal breast carcinomas (IDC) is discontinuous and less pronounced 
(adapted from (Gudjonsson, T. et al., 2002)). Scale bar 25 µm. 
 
 

Our electron microscopic characterization of the S1 cells revealed that our non-
malignant human breast epithelial cell line displays properties of both an apical luminal 
epithelial cell and a basal myoepithelial cell. Our previous work demonstrating the requirement 
of myoepithelial-derived laminin-111 in order to polarize luminal epithelial cells (Gudjonsson, T. 
et al., 2002) led us to ask if there was a difference between endogenously produced and 
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exogenously provided laminin-111 in 3D culture of our progression series. Specifically, we set 
out to characterize and manipulate the laminin α1 chain that is unique to the laminin-111 
heterotrimer in our S1-S2-S3-T4 progression series.  

 
 

 
Experimental Procedures 

 
 
HMT-3522 cell culture 

S1 2D and 3D cell culture was performed as described in Chapter 2. The culture of S2, S3 
and T4 cells was the same as S1 cells with the exception that EGF is removed from the growth 
medium. In addition for 2D cell culture of S2, S3 and T4 cells, they are cultured on collagen-
coated flasks to help the cells adhere whereas S1 cells do not require collagen coating.  
 
shRNA constructs  

MISSION shRNA to human LAMA1 and LAMB1 as well as a scrambled sequence (shsc) 
were purchased from Sigma-Aldrich (St. Louis, MO). TIRPZ inducible shRNA to human LAMA1 
was purchased from GE Dharmacon (Lafayette, CO).  
 
Viral production  

Bacterial stocks received from Sigma, GE Dharmacon and lentiviral packaging plasmids 
(pLP1, pLP2 and pLP/VSVG) were clonally selected on bacterial plates with antibiotic, expanded 
and plasmids were isolated using QIAGEN plasmid midi prep kits (QIAGEN, Germantown, MD). 
Virus was produced in HEK-293FT. HEK-293FT cells were grown in DMEM + 10% FBS with 
penicillin/streptomycin. The day prior to transfection HEK-293FT cells were plated at 5.5 x 106 
cells per 100mm plate. The day of transfection cells were transfected overnight with shRNA 
construct and packaging plasmids using the FuGENE transfection reagent (Promega, Madison, 
WI) in serum free medium. The following day the medium was changed and replaced with fresh 
growth medium. The following two days the media was collected each day and combined. Virus 
was concentrated using Lenti-X Concentrator (Clonetech, Mountain View, CA). Viral titer was 
determined by adding serial dilutions of viral stock diluted ten-fold to host cells in a 6-well 
plate. Cells were selected for viral transduction with puromycin. After selection colonies were 
counted and lentiviral titer was determined.  
 
S1 cell transduction 

S1 cells were transduced with virus at an MOI of 8 using the Sigma-Aldrich ExpressMag 
Transduction System (Sigma-Aldrich, St. Louis, MO). Virus was incubated with ExpressMag 
beads for 15 minutes at room temperature and then added to the well of S1 cells to be 
transduced. The plate of S1 cells was then incubated at room temperature on the super 
magnetic plate for 15 minutes and then placed in the incubator. The media was replaced the 
next day and cells were selected with puromycin at 1mg/mL. Selection included a well that had 
not been transduced by virus to ensure full selection of the S1 cell line.  
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Reverse transcription followed by real time polymerase chain reaction (RT-PCR) analysis 
Total RNA was extracted from cells using an RNeasy kit (Qiagen, Germantown, MD) and 

quantified with a NanoDrop (Thermo Scientific, Waltham, MA). cDNA was synthesized from 
equal amounts of RNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel 
Switzerland). LAMA1, LAMB1 and 18S primers were purchased from QIAGEN (QantiTect Primer 
Assay, Qiagen, Germantown, MD). LAMA1 and LAMB1 gene expression was normalized to 18S 
gene expression. RT-PCR reactions were made with the SYBR Green master mix from Roche 
(Basel, Switzerland). Reactions were performed in either the Roche LightCycler Carousel-Based 
system or the Roche LightCycler 480 system (Roche, Basel, Switzerland).  
 
Western Blotting  

Cell lysates were harvested from 2D plastic or 3D lrECM assays. In the case of 3D lrECM 
assays cells were extracted from the lrECM matrix with PBS + 0.05M EDTA + protease inhibitors 
and phosphatase inhibitors rocking for 30 minutes – 1 hour at 4°C. The cells were spun and the 
pellet was resuspended in lysis buffer. The lysis buffer used was 4% SDS + 20% glycerol in 125 
mM TrisHCl + protease inhibitors (EMD Millipore, Billerica, MA) and phosphatase inhibitors 
(EMD, Millipore, Billerica, MA). Protein lysates were quantified using the BioRad DC Protein 
Assay (BioRad, Hercules, CA).  

Concentrated conditioned media was generated form cell culture supernatant collected 
from cultures plated at the same seeding density. Culture supernatant was spun down to 
remove any dead cells and concentrated 10 to 50 fold in Amicon Ultra Centrifugal Filter 
Concentrators with Ultracel with a 10kDa MW cut off (Millipore, Billerica, MA). Concentrated 
supernatant with molecules above 10kDa was collected from the concentrator. Concentrated 
supernatant was quantified with the BioRad DC Protein Assay (BioRad, Hercules, CA).  

Tris-glycine (4% or 4-20%) or tris-acetate (3-8%) precast gels (Invitrogen, Carlsbad, CA) 
were loaded with equal amounts of protein (20-50µg depending on the blot) and run at 120V 
for 2-4 hours. Gels were transferred to nitrocellulose over night at 15V in 4˚C. Gels were probed 
with primary antibodies over night at 4˚C shaking, washed, then probed with secondary 
antibodies conjugated to horseradish peroxidase for one hour at room temperature. The blots 
were washed and exposed to enhanced chemilumescent (ECL) solution for 5 minutes. ECL was 
dabbed off and blots were exposed in the FluorChem HD2 (Protein Simple, San Jose, CA). 
 
Immunofluorescence 

Immunofluorescence was performed as described in Chapter 2.  
 
Antibodies 

Antibodies used in this chapter: rat anti-α6 integrin clone GoH3 (BD Pharmingen 
555734), rabbit anti-ZO-1 (Life Technologies 61-7300), rabbit anti-laminin α1 clone H-300 (Santa 
Cruz Biotechnology, sc-5582), rabbit anti-lamin A/C clone H-110 (Santa Cruz Biotechnology, sc-
20681), rabbit anti-laminin α5 clone H-160 (Santa Cruz Biotechnology, sc-20145), mouse anti-
laminin α3 (R&D Systems, MAB21441), rat anti-laminin α2 4H8-2 (Abcam, ab11576), mouse 
anti-Fibronectin clone IST-4 (Sigma, F0916), rat anti-E-cadherin ECCD-2 (Takara, TAKM108), 
mouse anti-α-smooth muscle actin clone 1A4 (Sigma, A2547); and phospho-AKT (Ser473) 
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(#4508), AKT (#4685), phospho-p44/42 MAPK (Thr202/Tyr204) (9106), p44/42 MAPK (#9102), 
phospho-MEK1/2 (Ser217/221) (#9121), MEK1/2 (#9126) (Cell Signaling Technology). 
 
Gelatin Zymography 

Cell culture supernatant was collected from cultures. Gelatin zymography was 
performed by making acrylamide gels with gelatin (a substrate of MMP9 and MMP2) in the 
resolving gel. SDS sample buffer is added to samples with no reductant and samples were not 
boiled. Samples were run at 120V until the sample buffer front reaches the end of the gel. Gels 
were then washed in Triton X-100 and incubated over night at 37˚C in substrate buffer while 
shaking. Gels were stained with Coomassie Brilliant Blue, washed with water and destained 
until cleared bands were visible. Cleared bands are gelatin that has been digested by MMP9 or 
MMP2 as determined by molecular weight and by recombinant MMP9 protein run in a separate 
lane. Gels were washed with water to rehydrate and imaged.  
 
Quantification 

Apical polarity and nuclei were quantified by eye by an undergraduate volunteer blinded 
to the samples. Apical polarity considered established when ZO-1 staining was apical and not 
basal or lateral in the sample. Nuclei were stained with DAPI for counting. A minimum of 50 
acini per experiment were counted and a minimum of two experiments quantified. Significance 
was established using a two-tailed t-test using the GraphPad Prism 5 software.  

 
 

Results 
 
 

Expression of laminin α1 
The protein expression of the distinguishing chain of laminin-111, laminin α1, in the 

HMT-3522 cell culture model of breast cancer progression was investigated. In order to confirm 
protein expression it was necessary to optimize the western blotting procedure for the 400kDa 
highly glycosylated protein. Standard 4% tris-glycine gels did not resolve the laminin α1 band in 
protein or cell culture conditioned media (Figure 3.5). Tris-acetate gels are designed to give 
optimal separation of large molecular weight proteins using a pH of 8.1 that minimizes protein 
modifications and results in sharper bands. Running samples on 3-8% tris-acetate gels with the 
antioxidant sodium bisulfite in the running buffer allowed for proper resolution of laminin α1 
(Figure 3.5).  In addition, the amount of methanol was reduced from 20% to 10% in the transfer 
buffer and the transfer of proteins from the tris-acetate gel to the nitrocellulose membrane was 
carried out over night for optimal transfer of large molecular weight proteins.  
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Figure 3.5. Optimization of laminin α1 
detection. The resolution of laminin α1 was 
suboptimal using standard 4% tris-glycine gels 
(left blots). Switching to a tris-acetate gel with 
reducing agent in the running buffer allowed 
for optimal detection of laminin α1 protein 
(right blots). shRNA to LAMA1 (shLAMA1) 
confirmed the bands detected were laminin 
α1. 
 
 

 
 

The HMT-3522 progression series showed a loss of laminin α1 RNA and protein 
expression immediately upon progression from non-malignant S1 to pre-malignant S2 cells 
(Figure 3.6). Laminin α1 remained undetectable in pre-malignant S3 and tumorigenic T4 cells. 
The other two bands of laminin-111, laminin β1 and laminin γ1, were detected in S1, S2, S3 and 
T4 cells by RT-PCR and western blot with a pan-laminin antibody (data not shown). This 
indicated that the one chain unique to laminin-111, the laminin α1 chain, was the only chain 
lost during breast tumor progression in our progression series and expression of this chain was 
lost early in the progression series. We therefore asked how growth and polarity of S1 cells 
would be affected if we knocked down laminin α1 expression.  
 
 

Figure 3.6. Laminin α1 is lost 
early in the progression series. 
(a) The non-malignant S1 cells 
express LAMA1 RNA whereas 
the premalignant S2 and S3 as 
well as the malignant T4 do not 
express LAMA1 RNA. Values 
were normalized to 18S and the 
level of S1 LAMA1 RNA was set 
to 1. (b) Laminin α1 is detected 
by western blot in the cell 
lysate of S1, but not S2, S3 or T4 
cells in agreement with PCR 
data. Total protein stained by 
ponceau is presented as a 
loading control. 
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Knockdown of laminin α1 in S1 cells 
We knocked down the laminin α1 gene, LAMA1, in the S1 cells using MISSION shRNA 

constructs purchased from Sigma. S1 cells were transduced with 5 different lentiviral constructs 
targeting LAMA1 and the shRNA construct that targeted the 3’ UTR of LAMA1 was particularly 
effective at reducing the expression of laminin α1 in S1 cells (Figure 3.7). We checked the 
growth rate of the cells and the scrambled shRNA (shsc) cells grew at the same rate as the 
shLAMA1 cells. The 2D conditioned media from this clone was screened for expression of other 
laminin α chains to ask if another α chain was upregulated to compensate for the loss of 
laminin α1. The other α chains found in the mammary gland α2, α3 and α5 as well as 
fibronectin were found at lower levels in the medium of shLAMA1 compared to wild type and 
shsc cells (Figure 3.8). The reduced secretion of these proteins was also seen in shLAMA1 cells 
grown in 3D collagen (data not shown). Indeed, laminin α1 is thought to drive secretion of other 
extracellular matrix proteins (De Arcangelis et al., 1996; Yurchenco et al., 1997; Aumailley et al., 
2000).   

 
 
Figure 3.7. Knockdown of laminin α1 in S1 cells. S1 cells 
were transduced with MISSION shRNA constructs 
targeting LAMA1. The successful targeting construct 
reduced LAMA1 expression by 80% in the S1 cell 
population. Lamin A/C is used as a loading control for the 
protein lysate.  
 
 
 

 
 
Figure 3.8. Secretion of laminin α chains and fibronectin 
in LAMA1 knockdown cells. The knockdown of LAMA1 in 
S1 cells resulted in reduced secretion of all laminin α 
chains examined as well as fibronectin. The observed 
reduction was not due to a change in growth rate of the 
cells.  
 
 
 
 
 

 
 

The shLAMA1 and shsc S1 cells were plated into 3D lrECM cultures for 10 days and 
assayed for their ability to form polarized acini in 3D culture. The shsc cells formed growth 
arrested acini with clear apical and basal polarization as measured by zona occludens-1 (ZO-1, 
apical) and α6 integrin (basal) whereas the shLAMA1 cells grew into larger colonies with 
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disrupted apical ZO-1 (Figure 3.9a). Quantification of the disruption of apical ZO-1 localization 
showed a reduction in apical polarity from 57% to 23% of the colonies apically polarized (Figure 
3.9b). The cell number increased from an average of 10.9 cells per colony in shsc colonies to 
17.6 cells per colony in shLAMA1 colonies (Figure 3.9c).  
 

 
Figure 3.9. 3D culture of shLAMA1 clones 
results in larger colonies with reduced apical 
polarity. (a) The shsc and shLAMA1 S1 cells 
were cultured in 3D lrECM and at the end of 
the culture period immunostained for α6 
integrin, a basal marker, and ZO-1, an apical 
marker. The shLAMA1 clones displayed 
reduced apical ZO-1 staining and larger colony 
size. Scale bars 20 µm. (b) Quantification of 
apical ZO-1 staining revealed a significant 34% 
reduction in colonies with apical polarization 
in the shLAMA1 population. (c) Quantification 
of cell number per colony revealed a 
significant increase in cells per colony from 
10.9 in shsc to 17.6 in the shLAMA1 colonies.  
 

 
 

As a control for the knockdown of LAMA1 in the S1 cells, we knocked down another 
chain of laminin-111, the laminin β1 chain. The shRNA targeting constructs reduced the RNA 
levels of LAMB1 by 77% in shLAMB1-64 and 65% in shLAMB1-65 (Figure 3.10a). These cells 
were placed in 3D culture for 10 days and assayed for number of nuclei per colony. The 
shLAMB1-64 and shLAMB-65 did not have a significant difference in cell number per colony 
(Figure 3.10b). The apical polarity in the shLAMB1 colonies was slightly reduced, but not 
significantly reduced (Figure 3.10c). 
 
 

 
 
 
 
 
 
 
 
 

41 
 



 
Figure 3.10. Knockdown of laminin β1 in S1 cells does not change cell number or apical 
polarity in 3D colonies. (a) shRNA to LAMB1 results in a 77% (shLAMB1-64) and 65% (shLAMB1-
65) reduction in LAMB1 compared to shsc cells. (b) shLAMB1 cells grown in 3D form colonies of 
similar size as the shsc control cells. (c) Apical polarity is not significantly reduced by knockdown 
of LAMB1. 
 
 

We asked if the signaling pathways known to be of significance in acinus formation were 
significantly modulated in the constitutive knockdown shLAMA1 cells. We first probed 
conditioned media and 2D lysates for laminin α1 to confirm the knockdown of LAMA1 in the 
cells (Figure 3.11a). E-cadherin was used as a loading control for this blot. We then probed the 
2D lysates for the MAPK pathway where we found increased phosphorylated MAPK (pMAPK) in 
shLAMA1 lysates compared to shsc lysates (Figure 3.11b). In addition, we found increased 
phosphorylated AKT (pAKT) and phosphorylated MEK (pMEK) in the lysates of shLAMA1 cells 
compared to shsc lysates (Figure 3.11b). Phosphorylation of PI3K was also examined on 2D and 
no difference was observed (data not shown).  When probed in 3D lysates taken from the end 
point of our 3D assay, the pMAPK and pAKT levels were not significantly different between the 
shsc and shLAMA1 cells (Figure 3.11c). This discrepancy is possibly explained by performing the 
assay at the end point of the culture period after the acini have formed and undergone growth 
arrest.  
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Figure 3.11. Signaling pathways are modulated in 2D, but not 3D lysates of shLAMA1 cells. (a) 
Laminin α1 knockdown was confirmed. E-cadherin was used as a loading control for the lysate 
indicating higher loading of the shLAMA1 lysate in this blot. (b) The MAPK, AKT and MEK 
pathways showed increased activity in 2D shLAMA1 lysates as measured by pMAPK and pAKT. 
Lamin A/C presented as a loading control indicating equal loading. (c) 3D lysates did not have 
increased pMAPK or pAKT levels in shLAMA1 cell lysates when normalized by the Lamin A/C 
loading control. 

 
 
Multiple shRNA targeting constructs are often required to demonstrate the same 

phenotype and results occur without off-target effects. As we didn’t have a good second 
shLAMA1 construct from the MISSION shRNA set of constructs, we set out to use a more 
elegant inducible system. We chose to use the TRIPZ inducible lentiviral shRNA. This system 
employs doxycycline (Dox) to induce expression of the shRNA on the vector so the assay control 
is always the same cell population but without Dox. The construct could be turned on and off in 
3D culture allowing us to investigate the timing of the importance of the LAMA1 gene. Two 
TRIPZ constructs provided a decent knock down of laminin α1 (Figure 3.12). Construct A 
demonstrated a better knockdown efficiency so we used that construct in subsequent assays.  
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Figure 3.12. Knockdown of 
LAMA1 using inducible 
constructs. Knockdown of 
LAMA1 using the Dox 
inducible TRIPZ constructs. 
Construct A provided a 
better knockdown than 
construct B. Lamin A/C is 
the loading control for the 
protein lysate. 
 
 

 
 

We cultured the S1 cells transduced with the Dox inducible construct A targeting LAMA1 
into our 3D lrECM assay. We induced knockdown at day 0 in one well (+Dox) and did not induce 
knockdown in the control well (-Dox). The cells cultured in the absence of Dox formed growth 
arrested acini with the expected apical and basal polarity as measured by α6 integrin and ZO-1 
(Figure 3.13a). The cells cultured with Dox to induce shRNA to LAMA1 showed disrupted apical 
polarity whereas the basal polarity remained intact (Figure 3.13a). Quantification of the apical 
polarity disruption revealed a significant decrease in colonies with apically oriented ZO-1 
(Figure 3.13b). Quantification of cell number per acinus showed that the cell number per acinus 
decreased from 9.16 cells per acinus in the control condition to 7.02 cells per acinus in the 
colonies expressing shRNA to LAMA1 (Figure 3.13c). The decrease in cell number per acinus in 
the inducible construct is opposite the increase in cell number per acinus we observed using the 
constitutive shLAMA1 construct. 
 

 
Figure 3.13. Inducible knockdown of 
LAMA1 results in smaller colonies with 
perturbed apical polarity. (a) The control (-
Dox) acini have basal polarized α6 integrin 
and apical ZO-1 whereas the shLAMA1 
(+Dox) acini have basal α6 integrin, but 
disrupted apical localization of ZO-1. Scale 
bar 20 µm. (b) Quantification of apical 
polarity in the two populations reveals a 
31% decrease in acini with apical 
polarization in the shLAMA1 population. (c) 
The number of nuclei per acinus decreases 
significantly in the shLAMA1 population 
from 9.16 to 7.02 cells per colony.   
 

44 
 



Increased MMP9 production in shLAMA1 S1 cells 
The cell number per acinus increased in the constitutive shLAMA1 clone, but decreased 

in the Dox inducible shRNA clone leading us to ask what was different about the two conditions. 
Dox is known to be a nonspecific inhibitor of matrix metalloproteinases (MMPs), so we asked if 
MMP expression was different between the control cells and the cells with knockdown of 
LAMA1. We knew from previous work on the S1-S2-S3-T4 progression series that MMP9 is a 
major player driving the malignancy of T4 cells (Beliveau et al., 2010), so we used gelatin 
zymography to assay for MMP2 and MMP9 expression in 3D at different time points in the 
assay (Figures 3.14 and 3.15). We did not detect MMP2 expression in our S1 cultures. In the 
constitutively active shLAMA1 clones we found that MMP9 is expressed early in the assay time 
course and decreases to undetectable levels late in the time course in both the control and 
shLAMA1 cells. This suggests that MMP9 plays a role in early acinus formation. In addition, the 
levels of MMP9 were higher in the shLAMA1 clones at these early time points (Figure 3.14). This 
suggested that the MMP9 expression could contribute to increased growth and disruption of 
polarity similar to what we previously had found in the T4 cells (Beliveau et al., 2010). The Dox 
inducible clone also demonstrated early MMP9 expression that was higher in the shLAMA1 
(+Dox) clone compared to the control (-Dox) (Figure 3.15). We also assayed for MMP9 
expression on 2D plastic and found the opposite to be true where MMP9 was higher in the 
control (-Dox) than the shLAMA1 (+Dox) cells (Figure 3.15). The inhibition of MMP9 by Dox 
could have blocked the increase in cell number per acinus in the inducible clones and caused a 
decrease in cell number per acinus.  
 
 

 
Figure 3.14. MMP9 expression is increased in shLAMA1 cells in 3D cultures. Two experiments 
showing 3D cultures of shLAMA1 clones have higher MMP9 levels by gelatin zymography at 
early time points. MMP9 expression decreases in all conditions towards the end of the time 
course.  
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Figure 3.15. MMP9 is increased in inducible shLAMA1 cells in 3D, but not 2D cultures. The 3D 
cultures of inducible shLAMA1 cells show a similar trend as the constitutively active shLAMA1 
cells with increased MMP9 expression when LAMA1 is silenced in early time points of the assay. 
The 2D data suggests that the opposite trend is true when the cells are cultured on 2D plastic 
where the control cells have higher MMP9 expression on 2D.  
 

 
Discussion 

 
 

We present evidence that laminin α1, the unique chain of laminin-111, is lost early in 
the HMT-3522 progression series. The loss of laminin α1 expression agrees with published data 
showing loss of laminin α1 expression in human breast tumor samples (figure 3.5 and 
(Gudjonsson, Thorarinn et al., 2002). The loss of laminin α1 immunoreactivity in human breast 
tumor samples could be due to degradation of the protein by the increased proteolytic activity 
of the tumor microenvironment, due to loss of production and deposition of the protein or due 
to both forces at work. Our data in the HMT-3522 progression series indicate that loss of 
expression occurs. The focal distribution of the laminin α1 protein in tumors (figure 3.5) 
implicates proteolytic destruction of the basement membrane also occurs. It has also been 
demonstrated that differentiated myoepithelial cells are lost during progression to invasive 
breast carcinoma (Hu et al., 2008). Myoepithelial cells are thought to be a major source of 
laminin α1 expression in breast tissue. Nonetheless, our work demonstrates that the S1 cell 
line, a hybrid luminal and basal cell type as shown in Chapter 2, makes and deposits laminin α1. 
We also show that the production of endogenous laminin α1 in the S1 cell plays a role in acinus 
formation in 3D lrECM assays despite the presence of exogenous mouse-derived laminin α1 in 
the lrECM. 

Endogenous laminin α1 was reduced in S1 cells by 80% using a lentiviral shRNA 
construct. The cells grew normally on 2D plastic, but demonstrated reduced apical polarity and 
increased cell number per acinus when cultured in 3D lrECM. The knockdown of a different 
chain of laminin-111, laminin β1, with a similar efficiency as the LAMA1 knockdown did not 
disrupt acinar formation or apical polarity in 3D lrECM cultures. This suggests that laminin α1 
may have roles in acinar formation that are independent of the known functions of the laminin-
111 heterotrimer. Alternatively the laminin β2 chain may be compensating for the loss of 
laminin β1 in this system. In addition the lrECM assay provides the cells copious amounts of 
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mouse-derived laminin-111, so endogenous laminin α1 is likely involved in establishment of 
polarity.  

We investigated the mechanism(s) driving disrupted apical polarity and increased cell 
number per acinus and found that ECM protein deposition, cell signaling pathways and MMP9 
expression in 3D all change in the shLAMA1 cells. The knockdown of LAMA1 in the S1 cells 
revealed that LAMA1 is important for driving secretion of other extracellular matrix proteins 
including laminins α2, α3 and α5 and fibronectin in both 2D and 3D. The secretion and 
deposition of an endogenous basement membrane likely contributes to acinus formation, 
growth control and establishment of apical polarity in 3D culture (Aumailley et al., 2000; 
Gudjonsson, Thorarinn et al., 2002; Li et al., 2003). Apical polarity and growth control were 
disrupted in the shLAMA1 S1 cells and the altered secretion of these ECM proteins was likely a 
contributing factor.   

The increase in MMP9 expression early in the time course of acinus formation suggests 
that remodeling of the microenvironment by matrix metalloproteinases occurs during normal 
morphogenesis, a topic explored further in Chapter 6. MMP9 expression decreases towards the 
end of acinus formation as the acinar developmental program finishes up which agrees with our 
previous data showing no MMP9 expression in S1 acini after acinar morphogenesis (Rizki et al., 
2008). The structure and polarity that is established during acinar formation likely feeds back to 
the quiescent state of the S1 cells at the end of the culture period of 7-10 days. The early 
increased expression of MMP9 in the shLAMA1 S1 cells likely contributes to the disruption of 
the establishment of polarity and increased cell number per acinus. The shLAMA1 cells do 
however finish the developmental program and growth arrest as well as down regulate MMP9 
expression. A possible explanation for the discrepancy in cell number per acinus between the 
constitutive shLAMA1 clones and the Dox inducible clones is that Dox inhibits the action of 
MMP9. In the inducible shLAMA1 (+Dox) clones the action of MMP9 to increase cell number 
per acinus would be inhibited by the Dox and this inhibition may actually decrease the cell 
number per acinus. Future studies will address this hypothesis.  

The activation levels of the MAPK, AKT and MEK signaling pathways were increased in 
shLAMA1 cells compared to shsc on 2D plastic. When the activation was assayed at the end 
point of the 3D assay, no differences in activation were observed between the shsc control cells 
and the shLAMA1 cells. In retrospect, differences in pathway activation are likely important 
early in the assay when the single cells start dividing between days 1-3. Future experiments will 
address signaling pathway activation at early time points and how differences in pathway 
activation influence MMP9 expression, acinar polarity and cell number per acinus in the 3D 
cultures. Our previous work demonstrated that the Raf/MEK/ERK signaling pathway drives 
MMP9 expression in 3D cultures (Beliveau et al., 2010), so it is likely we would see increased 
activation in these pathways in shLAMA1 cells in 3D culture at early time points. The AKT 
pathway controls survival and proliferation in our 3D cultures (Liu et al., 2004; Beliveau et al., 
2010), any increases in AKT activation in 3D cultures of shLAMA1 cells would likely  contribute 
to the phenotype of increased cell number per acinus in the shLAMA1 acini.  

Our data indicate that knocking down LAMA1 in nonmalignant S1 cells decreases 
basement membrane protein secretion, increases MMP9 expression levels in 3D and alters cell 
signaling pathways. Our future experiments will establish the order of events that lead to these 
changes and the localization of laminin α1 action in this system.  
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Chapter 4 
Laminin α1 reversion of the malignant phenotype 

 
 

Introduction 
 

 
Reversion of the malignant phenotype  

Nonmalignant human mammary epithelial cells such as the HMT-3522-S1 (S1) undergo a 
process of acinar morphogenesis in 3D lrECM cultures as investigated in Chapters 2 and 3. In 
contrast, breast tumor cells lose the ability to respond to the signals of the 3D lrECM 
microenvironment and continue to proliferate forming disorganized colonies (Petersen et al., 
1992). Using this model of growth in 3D lrECM, we showed that coordination between 
proliferation and tissue polarity could be re-established in several breast cancer cell lines 
despite the presence of the malignant genome (Weaver et al., 1997; Wang et al., 2002; Weaver 
et al., 2002; Liu et al., 2004; Rizki et al., 2008). The restoration of acinar morphogenesis, control 
of proliferation and polarity is referred to as “phenotypic reversion” where phenotype is 
dominant over genotype (Weaver et al., 1997).  

Phenotypic reversion can be accomplished in T4 cells in 3D lrECM culture through a 
variety of mechanisms. Treatment of the cells with inhibitory β1-integrin antibody blocks β1-
integrin signaling and leads to phenotypic reversion (Weaver et al., 1997). On the other hand, 
the treatment of non-malignant S1 cells with α6-integrin or β4-integrin (laminin-111 receptors) 
function altering antibodies disrupted tissue polarity and the growth control normally observed 
in S1 acini (Weaver et al., 1997). Inhibition of the epidermal growth factor receptor (EGFR) or 
the MAPK pathway in T4 cells in 3D lrECM results in phenotypic reversion (Wang et al., 1998). 
Bidirectional cross-modulation of β1-integrin and EGFR signaling via MAPK was demonstrated in 
this study (Wang et al., 1998). T4 cells reverted with MAPK inhibitor form small growth arrested 
colonies with smooth edges similar to S1 cells (Figure 4.1). MMP9 was shown to be a mediator 
of T4 cell invasion (Rizki et al., 2008) and a follow up study implicated Raf/MEK/ERK signaling in 
driving MMP9 expression and tumorigenesis in T4 cells (Beliveau et al., 2010). Silencing of 
MMP9 or inhibition of Raf with small molecules reverted the tumorigenic phenotype in this 
study (Beliveau et al., 2010). Importantly, inhibition of MMP9 with siRNA impaired tumor 
formation in mice and induced the expression of human-derived laminin α1 by the T4 
xenografts (Beliveau et al., 2010). We have summarized known reversion pathways in T4 cells in 
Figure 4.2. 
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Figure 4.1. Appearance of phenotypically reverted T4 cells. Treatment of T4 cells at day 0 of 
the 3D assay with the MAPK inhibitor PD98059 results in phenotypically reverted cell clusters 
(T4-reverted) at the end point of the 3D assay (days 7-10). The reverted colonies resemble the 
nonmalignant S1 cells when stained for α6-integrin (red) and ZO-1 (green) antibodies as well as 
nuclei (blue). The α6-integrin stains basal and the colonies have smooth edges compared to T4 
colonies and the ZO-1 becomes less diffuse and more lateral. Scale 20 µm.  
 
 

When different breast cancer cell lines (MDA-MB-231, MCF7 and Hs578T) were 
examined for capacity to phenotypically revert, they required combinatorial treatment (Wang 
et al., 2002). This revealed that the T4 cell line reverts in 3D lrECM with fewer treatments 
compared to most breast cell lines. Many breast cancer cell lines including the MDA-MB-231 
and MCF7 lines were derived from cells found at sites of breast cancer metastasis as opposed 
to the T4 cell line which was generated in vitro from the S1 cell line as described in Chapter 3. 
Whereas MDA-MB-231 metastasize quickly upon orthotopic fat pad injection, T4 cells do not. 
Evidence of the capacity of T4 cells to reside outside a primary tumor was generated when they 
were introduced through intra-cardiac injection (Ghajar et al., 2013). These mice do not show 
evidence of metastatic burden after 8 weeks, but dormant T4 cells are found residing 
perivascularly in lung, bone marrow and brain (Ghajar et al., 2013). The T4 cells are thus a 
model of breast cancer that is at an earlier stage of development than other breast cancer cell 
lines.  
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Figure 4.2. Mediators of phenotypic reversion in T4 cells. We have identified many reverting 
agents for T4 cells including shRNA to MMP9, GM6001, Marimastat, mAb225, TAPI-2, AIIB2, 
AG1478, Ly294002, PD98053, Wedelolactone, BADGP, 2-deoxy-D-glucose (2DG), 2DF-
phosphate (2DG-P) and oxamate (OX). These blocking antibodies and compounds target 
pathways that the T4 cells are dependent on for tumorigenic growth. Normalization of one 
pathway often times normalizes other pathways in the T4 cells (Unpublished figure Sun-Young 
Moon Lee, Bissell lab).  
 
 
Laminin in breast cancer 

Laminin-111 has been shown to be a tumor suppressor in breast cancer that is lost 
during cancer progression (Figure 3.5) (Ioachim et al., 1997; Gudjonsson, Thorarinn et al., 2002; 
Ioachim et al., 2002). Many studies have shown mechanisms by which laminin-111 acts as a 
tumor suppressor. Laminin-111 was shown to down regulate DNA methyltransferase 1 
expression which inhibited promoter methylation leading to subsequent E-cadherin expression 
and localization in the MDA-MB-231 malignant carcinoma cells (Benton et al., 2009). We 
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previously demonstrated that laminin-111 induces quiescence in mammary epithelial cells 
through the rapid decrease in nuclear β-actin (Spencer et al., 2011). Our unpublished data 
shows that this response to laminin-111 is lost in tumor cells and restoration of this response by 
expression of exportin-6 in T4 cells reverts the malignant phenotype (Cardoso et al., manuscript 
in preparation). The laminin-111 receptor dystroglycan is often lost or functionally 
compromised in breast cancer and restoration of proper dystroglycan function and laminin-111 
anchoring can revert the malignant phenotype in T4 cells as well as in other cancer types 
(Muschler et al., 2002; Akhavan et al., 2012). Endocytic trafficking is important in both matrix 
degradation and deposition (Scita and Di Fiore, 2010) and the endocytic trafficking of laminin-
111 is disrupted in aggressive breast cancer cell lines through loss of dystroglycan (Leonoudakis 
et al., 2014) suggesting altered laminin-111 interactions change the extracellular matrix 
composition and function in tumors.  

Some data indicates that laminin-111 is not always inhibitory when presented to breast 
cancer cells. For example, MMP9 expression in MCF7 breast cancer cells is increased by 
treatment with laminin-111 (Pal et al., 2014). In addition it is well-known that co-injection of 
breast tumor cells with lrECM enhances the take rate and tumor growth in nude mice 
suggesting a supportive role of lrECM in these models (Noël et al., 1993). Laminin-111 derived 
peptides have been shown to promote angiogenesis, tumor growth and metastasis in many 
cancer types (Kleinman and Martin, 2005; Kikkawa et al., 2013). Peptides are derived from 
basement membrane degradation which is known to occur both in tumorigenesis and normal 
development. It follows that peptides and cryptic sites revealed during basement membrane 
degradation are hijacked in tumorigenesis to serve the tumor whereas in normal development 
these peptides serve specific functions that are developmentally coordinated.  

Other laminins have been reported to have mixed associations with breast cancer. 
Laminin-332, a laminin involved in cell adhesion, migration and survival is expressed in the 
basement membrane of normal breast. Laminin-332 has been shown to be upregulated in 
myofibroblasts of the interface zone in breast cancer (Kim et al., 2011) possibly allowing for 
migration and survival in regions of dense fibrosis. Earlier reports had indicated that laminin-
332 is downregulated in breast tumor cell lines and primary tumor samples (Martin et al., 
1998). These laminin-332 findings aren’t mutually exclusive as different areas of the tumor and 
different cell types were examined. Recent work has shown that TAZ (tafazzin) regulates a 
laminin-511  matrix that acts as the ligand for α6Bβ1 integrin to sustain breast cancer stem cells 
(Chang et al., 2015) indicating a supportive role in the breast cancer stem cell niche. Deletion of 
the α3β1 integrin, a receptor of laminin-332 and laminin-511, blocks tumor formation in a 
transgenic mouse model of activation of β-catenin signaling in the basal layer of the mammary 
gland (Cagnet et al., 2014). This work suggests that laminin-332- and laminin-511- α3β1 integrin 
signaling is essential for tumor formation and survival in the mammary gland.  

In Chapter 3 we showed that the laminin α1 transcript and protein are lost early in the 
S1-T4 progression series. We also found that nonmalignant S1 cells knocked down for laminin 
α1 have reduced apical polarity and changes in growth control in 3D lrECM cultures. These 
changes were accompanied by signaling changes in 2D culture and changes in MMP9 
expression in 3D lrECM culture. These findings led us to ask if expressing laminin α1 in T4 cells 
would have an impact on the growth and phenotypic appearance of T4 cells in 3D lrECM 
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cultures. If so, would the expression of laminin α1 alter the signaling pathways and MMP9 
expression levels known to be important in T4 tumorigenesis?  

 
 

Experimental Procedures 
 

 
HMT-3522 cell culture 

2D and 3D cell culture were performed as described in Chapters 2 and 3. 
 
HCC-1569 and MDA-MB-361 cell culture 

HCC-1569 cells were grown in RPMI-1640 medium with 10% fetal bovine serum (FBS). 
MDA-MB-361 cells were grown in L-15 medium with 20% FBS. Both cell lines were passaged by 
trypsinization with 0.25% trypsin with 0.53mM EDTA for 5 minutes, the trypsin was then 
neutralized with medium containing fetal bovine serum. Cells were subcultivated at a ratio of 
1:5. 3D cell culture was performed as described in Chapters 2 and 3 with the exception that the 
media used for the culture period was the RPMI-1640 + 10% FBS for HCC-1569 and L-15 + 20% 
FBS for MDA-MB-361 cells.  
 
Expression of laminin α1 in T4 cells 

The human LAMA1 sequence was obtained from Peter Yurchenco in the pBluescript II 
vector. We moved the LAMA1 sequence into the pBABE-puro construct (Addgene), pcDNA3.1 
(+) construct (Life Technologies, Carlsbad, CA) and the pCEP4 construct (Life Technologies, 
Carlsbad, CA) for overexpression. Mouse pRCX3-lama1 was also obtained from Peter Yurchenco 
(Yurchenco et al., 1997).  

Constructs were introduced into T4, MDA-MB-361 and HCC-1569 cell lines by 
transfection with Fugene transfection reagent (Promega, Madison, WI). Cell lines were selected 
with the appropriate antibiotic: puromycin at 1ug/mL for pBABE-puro, Geneticin at 200ug/mL 
for both pcDNA3.1 (+) and pRCX3 and hygromycin at 50ug/mL for pCEP4. All selections were 
accompanied by an untransfected well that was treated with antibiotic to ensure the cell line 
was fully selected at the concentration of antibiotic used.  
 
Generation of truncated laminin α1 constructs  

Fragments of LAMA1 were generated from cellular cDNA or our LAMA1 expression 
constructs using the following primers:  
 
LN FW: CAC CAT GCG CGG GGG CGT  
LN RV: TCA CTC ATC ATC ACA GGA AAC ACA 
LN -ss FW: CAC CAT GCG GCA GAG AGG CCT GTT 
LN -ss RV: TCA CTC ATC ATC ACA GGA AAC ACA 
LG1-5FW: CAC CAT GAT TAA AGT CGC CGT 
LG1-5RV: TCA GGA CTC GGT CCC AGG ACA 
LG4-5FW: CAC CAT GTG GCT GTC AGA AAG 
LG4-5RV: TCA GGA CTC GGT CCC AGG ACA 
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LG4-5w/o hinge FW: CAC CAT GGG CGC TCA CCA GTT TGG TCT C 
LG4-5w/o hinge RV: TCA GGA CTC GGT CCC AGG ACA 
LCC FW: CAC CAT GTG TGA TGA TGA GTG TGT A 
LCC RV: CTA CAC GGC GAC TTT AAT AGA 
CRA_c FW: CAC CAT GAG ATA ATC ATG CTT TTT AAT A 
CRA_c RV: CTA TGG ATT GGG CCG TGT CAT CTG 
 

Fragments were cloned into a L1/L2 gene entry clone (pENTRD) and sequenced. 
Lentiviral transfer vectors were constructed using the modular MultiSite GatewayO cloning 
technology (Invitrogen, Carlsbad, CA). Three plasmids were combined in a LR recombination 
reaction, the pLENTI6/R4R2/V5 destination vector, the pENTRD plasmid with the fragment of 
interest and the pENTR5’-TRE-Tight plasmid. The resulting lentiviral vectors were pLenti6/TRE-
Tight-LAMA1fragment constructs. The pLenti6/R4R2/V5, pENTRD and TRE-Tight constructs 
were obtained from Curt Hines in the Bissell lab; he modified these constructs from the original 
constructs purchased from Invitrogen (Carlsbad, CA).  
 
Viral production  

Lentivirus was produced as described in Chapter 3. The rtTA lentivirus was obtained 
from Curt Hines in the Bissell lab.  
 
T4 cell transduction  

T4 cells were transduced with rtTA lentivirus as described for S1 cells in Chapter 3. The 
selection marker for the rtTA was Geneticin and it was used at 200ug/mL. The T4-rtTA cell 
population was assayed for tumor formation in 3D lrECM culture and performed comparable to 
wild type T4 cells. The T4-rtTA cells were transduced with the pLenti6/TRE-Tight-LAMA1 
fragments as described for S1 cell viral transduction in Chapter 3. The selection marker was 
Blasticidin and was used at 3ug/mL. 
 
LAMA1 sequencing primers 
The following primers were used to sequence LAMA1 constructs. The number indicates the 
base pair at which the primer starts.  
755 = GCACGATATATTCGCCTTCG 
1610 = TTTGGCGTTTCTGATGTCTG 
2474 = CCTCTCACCATAGCCTCCAA 
3172 = AGAATGTGAGGATGGGCACT 
4061 = AAGGCATCGTATGGTCAAGG 
4804 = GATTGGTGATGCCGTTCTTT 
5771 = CTGCTGCACAAACAGATGCT 
6440 = ATTAAAGTCGCCGTGTCTGC 
7167 = TGTTTCGTGGCAGAGTGAAG 
8018 = TCGTTCCATGGCTGTATCAA 
8786 = AGCGGATATGCAGCTCTTGT 
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PCR  
RT-PCR was performed as described in Chapter 3. Total RNA was extracted from cells 

using an RNeasy kit (Qiagen, Germantown, MD) and quantified with a NanoDrop (Thermo 
Scientific, Waltham, MA). cDNA was synthesized from equal amounts of RNA using the 
Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel Switzerland).  

Additional primers generated to LAMA1 were: bp270 FW:GGCCCGTCCGAAACCCACAG 
and RV:CGTCAGCGCTTGGTCTGCCA, bp3517 FW:AGACAACCCCCTGGGCTGCA and 
RV:AGAGGGCGTGGTCCCCTGTC, bp5926  FW:CGTGCAGCGCAGCTCCAGAT and 
RV:TGGCTTGCAGACGTGGCCAG, bp8745 FW:GGTGCTACGCAGTGGCCCAG and 
RV:AAAGGACTGCACCTGCGGGC. These primers produced products larger than suitable for 
quantitative PCR, as such reactions were performed using Takara Ex Taq DNA polymerase 
(Takara Bio Inc., Otsu, Japan) using a BioRad iCycler PCR machine (Hercules, CA). Samples were 
run out on an ethidium bromide agarose gel and imaged on the FluorChem HD2 (Protein 
Simple, San Jose, CA).  
 
Western blotting  

Western blotting was performed as described in Chapter 3.  
 
Immunofluorescence 

Immunofluorescence was performed as described in Chapter 2.  
 
Antibodies 

Antibodies used are described in Chapters 2 and 3.  
 
Gelatin zymography 

Gelatin zymography was performed as described in Chapter 3. In addition, cell number 
was significantly different between cultures so we normalized for cell number using the WST-1 
assay (Roche, Basel, Switzerland) to estimate cell number in each well. Media was loaded in 
proportion to the number of cells estimated to be present in each condition.  

Activation of MMP protein was carried out with aminophenylmercuric acetate (APMA) 
at 2 mmol/L for 2 hours at 37°C. APMA causes autocatalytic cleavage of the pro-MMP to the 
active form allowing assessment of activation status of MMPs detected on the Zymogram.  
 
Quantification 

Quantification was performed as described in Chapter 3.  
 
 

Results 
 
 

Expression of laminin α1 in T4 cells 
The T4 cells do not express laminin α1 protein or transcript (Figure 3.7), so we obtained 

constructs for both human and mouse laminin α1 to express in the T4 cells. The laminin α1 
protein is 3,075 amino acids and the LAMA1 transcript is 9657 base pairs. We cloned the 
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LAMA1 transcript into pBABE-puro to make retrovirus. The genome of a typical murine 
retrovirus is about 8.3 kb and the maximum size for a replication-competent spleen necrosis 
virus vector is about 10kb (Miller, 1997). These limitations can preclude transmission of large 
genes such as LAMA1; nevertheless we attempted to make pBABE-LAMA1 retrovirus. We were 
not able to generate retrovirus with the ~15kb construct and decided to transfect the construct 
to make a stable cell line. Our transfection efficiency was low, but selection in puromycin (puro) 
led to colonies of clones growing out in the dish. We combined all of the clones into a 
population and assayed for phenotype in 3D culture as well as LAMA1 transgene expression. 
The phenotype in 3D culture of T4-LAMA1 overexpressing cells (T4-LAMA1) was significantly 
altered from the T4 pBABE vector control cells (T4-pBABE) (Figure 4.3). T4-LAMA1 cells formed 
smaller colonies that displayed significantly more apical polarization than the T4-pBABE cells 
(Figure 4.3). In addition, pathways previously shown to be down modulated in T4 phenotypic 
reversion were down modulated in the T4-LAMA1 cells in 3D culture (Figure 4.4). MMP9 
expression was also down modulated in the T4-LAMA1 3D culture (Figure 4.5).  
 
 

Figure 4.3. LAMA1 expression in T4 
cells effects phenotypic reversion. 
(a) 3D culture of T4-pBABE cells 
results in large masses that do not 
have apical or basal polarization 
whereas T4-LAMA1 cells grow into 
smaller colonies that can restore 
apical and basal polarization as 
measured by ZO-1 and α6 integrin, 
respectively. (b) Quantification of 
apical ZO-1 in the T4-pBABE and the 
T4-LAMA1 colonies revealed a 
significant 21% increase in apical 
polarization of ZO-1 in the T4-
LAMA1 cells. (c) Quantification of 
the number of nuclei per acinus 
revealed a significant decrease in 
the number of nuclei at 11 in T4-
LAMA1 acini compared to 20 per 
acini in the control T4-pBABE acini.  
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Figure 4.4. Reversion signaling pathways 
are down modulated in T4-LAMA1 cells. 
Lysates from T4-pBABE and T4-LAMA1 cells 
were analyzed for fibronectin, 
phosphorylated EGFR (p-EGFR), total EGFR, 
phosphorylated MAPK (p-MAPK), total 
MAPK and Lamin A/C. Fibronectin 
expression was down modulated. The 
phosphorylated forms of EGFR and MAPK 
were down modulated when compared 
total levels. Lamin A/C was used for loading 
control.  
 
 
 

 
 

 
Figure 4.5. MMP9 expression is reduced in 
T4_LAMA1 cells. Zymogram of conditioned 
media from T4 3D embedded cultures 
shows decreased MMP9 expression in T4-
LAMA1 cells in 3D lrECM culture. 
Conditioned media was incubated with 
APMA in order to activate the MMPs on the 
gel allowing us to distinguish from active 
(aMMP9) and inactive forms of MMP9 
(MMP9) in our conditioned media. The form 
of MMP9 found in T4 conditioned media is 
inactive. Loading was based on cell number 
in each assay at the time of collection.  

 
 

It seemed likely that the phenotypic reversion was due to expression of laminin α1 in 
the T4 cells, but when we attempted to detect laminin α1 expression in the T4-LAMA1 cells we 
did not detect it. The transgene was not detectable by RT-PCR or western blot (Figure 4.6). We 
asked if the expression vector was the problem and cloned the gene into the pcDNA 3.1 (+) 
construct, transfected it into the T4 cells and selected the cells in Geneticin. We checked for 
transgene expression by western blot with multiple antibodies and did not detect the laminin 
α1 transgene (Figure 4.7).  
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Figure 4.6. Laminin α1 transgene expression in T4-LAMA1 cells. (a) LAMA1 transcript was not 
detected in either T4-pBABE or T4-LAMA1 cells. (b) Laminin α1 protein was not detected in the 
conditioned media of S2, S3, T4-pBABE or T4-LAMA1 cells, S1 cells were run as a positive 
control. (c) Laminin α1 protein was not detected in the lysate of the S2, S3, T4-pBABE or T4-
LAMA1 cells, S1 cells were run as a positive control.  
 
 

 
 
Figure 4.7. Laminin α1 transgene expression in T4 cells transfected with pcDNA_LAMA1. The 
conditioned media and lysate from S1 shLAMA1 (positive control for low levels of laminin α1 
expression) and T4pcDNA_LAMA1 were run next to each other and blotted for laminin α1 
protein expression. The first panel is an antibody to the mid-region of laminin α1 and the 
second panel is an antibody to the N-terminus of laminin α1. Both antibodies did not detect 
transgene expression in the T4 pcDNA_LAMA1 cells.  
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Expression of laminin α1 in additional tumor cell lines 
We asked if the LAMA1 sequence was correct and re-sequenced all of our constructs. 

We found a few sequence changes had occurred in the transcript but they did not change the 
amino acid sequence and/or represented variations seen in nature. We then asked if the lack of 
detectable transgene expression was due to cell line specific silencing. We transfected our 
constructs and an additional mouse Lama1 construct into the human breast cancer cell lines 
HCC-1569 (HCC) and MDA-MB-361 (361). We collected conditioned media and cell lysates and 
blotted for laminin α1. Concentrated conditioned media was run on a western blot and probing 
for laminin α1 revealed no laminin α1 expression (data not shown). The cell culture lysates also 
did not display transgene expression (Figure 4.8). Light banding in the western blot of the cell 
culture lysates appeared to be non-specific and did not correlate with LAMA1 transgene 
transfection. The HCC and 361 LAMA1 clones generated were put in 3D lrECM cultures to assay 
for phenotypic reversion. Phenotypic reversion was not readily observed in the LAMA1 
expressing clones, but interestingly some of the 361 wild type and transfected colonies 
displayed apical polarization in 3D lrECM as measured by apically oriented ZO-1 banding (Figure 
4.9). There did not appear to be an increase in the number of polarized 361 colonies when 361 
were transfected with mouse Lama1.  
 

 
Figure 4.8. LAMA1 transgene expression in 
HCC-1569 and MDA-MB-361 cells. Full-
length laminin α1 was not detected in HCC 
or 361 cells transfected with 
pBABE_h.LAMA1, pcDNA_h.LAMA1 or 
pRCX3_m.lama1 (mouse Lama1 construct). 
The cells were stably transfected and 
selected with the appropriate antibiotic and 
assayed for full length protein expression 
under reducing conditions. S1 cell lysate 
was run as a positive control. Total protein 
stain with ponceau on each blot indicates 
high protein loading in the wild type HCC 
and 361 lanes.  
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Figure 4.9. Polarity in the 361 cell line. The 361 
breast cancer cell line unexpectedly was able to 
form some polarized structures in 3D lrECM 
culture. A subset of colonies formed apically 
oriented ZO-1 (green) cages and basal 
polarization of α6 integrin (red). Nuclei are 
stained blue. The transfection of mouse Lama1 
(361_pRCX3_m.lama1) in the 361 cells did not 
appear to increase the relative number of 
polarized colonies compared to the control 
(361_pRCX3). Scale bar 20µm.  
 

 
 
RT-PCR to multiple segments of the LAMA1 transcript 

We derived the T4-LAMA1 cells 6 times with 3 different constructs and found that 
phenotypic reversion in 3D culture occurred in all cases. The consistency of this finding 
intrigued us and led us to ask if a portion of the LAMA1 construct was being expressed, so we 
designed primers to various regions of the LAMA1 gene. The RT-PCR reactions revealed that a 
portion of the early transcript was being expressed in the T4-LAMA1 cells (Figure 4.10).  
 
 

 
 
 
Figure 4.10. LAMA1 transgene expression by RT-PCR. 
Primers to multiple regions of the LAMA1 gene were 
generated and verified on 293 cells (positive control). 
The primer set to the early portion of the LAMA1 
transcript starting at base pair 270 (bp270) generated 
a faint product in the T4-LAMA1 cells. Primers 
downstream at bp3517, bp5926 and bp8745 did not 
produce product. Primers to 18S were used as a 
loading control. Despite optimization of reaction 
conditions non-specific banding in some reactions 
was observed.  
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Expression of LAMA1 fragments in T4 cells 
Given the perplexing nature of our data that suggested that full length LAMA1 was not 

responsible for phenotypic reversion in T4 cells, we asked if a smaller portion of the gene 
and/or protein was mediating the effect. We generated expression constructs consisting of 
fragments of the LAMA1 gene to express in the T4 cells. The laminin α1 protein contains 3 
distinct regions, the laminin N-terminal (LN) domain, the laminin coiled-coil (LCC) domain and 
the laminin G (LG) domains. We broke the protein into the LN, LCC, 3 versions of LG domains, 
we removed the signal peptide from the LN domain and also included a partial sequence of an 
isoform CRA_c in the LG3 domain (Figure 4.11). The only truncation product that contained a 
signal sequence was the LN domain; we reasoned that the lack of detection of extracellular 
laminin α1 indicated that the mechanism could be intracellular. 

The fragments were cloned into an entry vector and then put into the pLenti6 vector 
with the TRE-Tight promoter using Gateway cloning. In order to generate a doxycycline 
inducible (tet-on) system we made a T4 cell line expressing the rtTA gene. The pLenti6-TRE-
Tight clones were transduced into the T4-rtTA cells and selected. The resulting clones were 
assayed for phenotypic reversion in 3D lrECM cultures as well as transgene expression. The 3D 
lrECM cultures did not show significant differences between the control (-DOX) and the protein 
expression induced (+DOX) cultures. The clone expressing the LN domain without the signal 
sequence (LN-ss) produced smaller colonies with smooth edges in both the -DOX and +DOX 
conditions (Figure 4.12), the clone expressing the LN domain with the signal sequence (LN) is 
shown as a comparison (Figure 4.12). The detection of transgene expression was difficult with 
the laminin α1 antibodies, but in the case of the LN domain with the signal sequence (LN) the 
protein product was detected in the conditioned medium in both the -DOX and +DOX 
conditions (Figure 4.13). Unfortunately we were not able to confirm expression of the LN-ss 
construct intracellularly, except for a 400kDa product seen in both the LN and LN-ss constructs 
that could represent a dimer (Figure 4.13). It appeared that the TRE-Tight promoter was not 
functioning properly as we were looking at clones expressing the protein product at low levels 
in both the -DOX and +DOX conditions. The LN-ss colonies looked somewhat more organized by 
immunostaining to α6-integrin and ZO-1 (Figure 4.14). These preliminary results indicated that 
there may be something about the LN domain when expressed intracellularly that can regulate 
the T4 3D lrECM phenotype.  
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Figure 4.11. Truncations of LAMA1 generated. The LAMA1 gene was divided into its main 
domains, LN, LG and LCC and cloned in to the pLenti6 lentiviral expression vector. The LN 
domain was generated with and without the signal sequence. The LG domains, LCC and CRA_c 
isoform did not have signal sequences and would remain intracellular.   
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Figure 4.12. T4 colonies expressing the LAMA1 truncations in 3D lrECM. T4 cells expressing the 
truncation constructs were cultured in 3D lrECM and imaged at day 10 of the assay. Expression 
of the truncation fragment was expected to turn on in response to DOX treatment. With the 
exception of the LN domain –ss (LN-ss), all conditions produced large T4 colonies similar to wild 
type T4 cells. The LN domain (LN) condition is presented as an example of the larger colonies. 
On the other hand, the LN-ss construct produced smaller colonies with smooth edges in both 
the -DOX and +DOX conditions. Scale bar 250 µm.  
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Figure 4.13. Detection of protein product from the expression vectors. (a) The LN domain 
clones lysates were blotted with an antibody to the N-terminus of laminin α1 and no product 
was observed at the expected product size of 200kDa. The 400kDa band could represent a 
dimer and is present in all 4 conditions. This 400kDa band is not normally present in T4 cells. 
Lamin A/C is a loading control. (b) The conditioned medium of the LN clones was blotted for the 
N-terminus of laminin α1 and the expected truncation product of 200kDa was seen LN +/- DOX, 
but not in LN-ss +/-DOX. This is in agreement with the presence of the signal sequence only in 
the LN clone. Product in both +/- DOX indicates the DOX inducible system was not functioning 
as expected.  
 
 
 

 
Figure 4.14. Immunostaining of LN-ss colonies in 3D lrECM. The LN-ss colonies were smaller 
and slightly more organized in 3D lrECM when observed by immunostaining to α6-integrin (red) 
and ZO-1 (green). Note apical orientation of ZO-1 staining and often α6-integrin is polarized to 
the basal region of the colony. Nuclei were stained with DAPI (blue). Scale bar 20µm.  
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Discussion 
 
 

Our attempts to express laminin α1 in the T4 cell line were not successful as we did not 
detect protein expression. However, we were intrigued by our finding that transfection of the 
LAMA1 sequence into the T4 cells consistently resulted in phenotypic reversion in 3D culture. 
Phenotypic reversion was confirmed by western blot detection of signaling pathways that were 
down modulated and by demonstration of the down modulation of MMP9 expression. We 
moved the LAMA1 sequence into multiple expression constructs and every time we transfected 
a LAMA1 construct we observed phenotypic reversion and polarization in a significant portion 
of the T4 population. The restoration of apical polarity in a portion of the colonies is unique in 
the assay of T4 reversion as most reverting agents don’t cause apical polarization of the ZO-1 
protein (Figure 4.1). These findings were intriguing and led to more questions.  

First, we double checked that our LAMA1 sequence was correct by fully sequencing our 
constructs and we found no significant errors that changed the amino acid sequence. We then 
asked if transgene silencing was cell line specific and transfected our constructs into the HCC-
1569 (HCC) and MDA-MB-361 (361) cell lines. The HCC and 361 cell lines did not express 
endogenous laminin α1 and after transfection of our LAMA1 constructs and selection we were 
not able to detect laminin α1 expression. When assayed the HCC and 361 cells transfected with 
LAMA1 in 3D lrECM and they did not appear to phenotypically revert compared to the vector 
control cell lines. The HCC cell line was generated from breast cancer tissue collected from the 
breast and took 19 months to establish in culture. The 361 cell line was established from a 
breast cancer metastasis of the brain. The difference in phenotypic reversion between the 361 
and HCC cell lines that do not revert and the T4 cell line that does revert could be due to the 
number of significant mutations that have accumulated in the 361 and HCC cells compared to 
the T4 cell line. As discussed in the introduction, breast cancer cell lines such as 361 and HCC 
are more aggressive than the T4 cells. A subpopulation of cells in the 361 cell population did 
display a remarkable ability to polarize in 3D lrECM assays as demonstrated by the apical ZO-1 
banding (Figure 4.9). The subpopulation with this response to 3D lrECM culture is an interesting 
population, but did not change in proportion of the population with the expression of the 
LAMA1 construct. We can conclude from our data that loss of laminin α1 protein expression 
occurs early in tumor progression and that laminin α1 expression is likely important in 
preventing tumor progression. Once tumor cells have become more aggressive, laminin α1 re-
expression does not reverse phenotypic behavior in 3D lrECM cultures.  

The lack of laminin α1 protein expression in the T4, HCC and 361 cell lines transfected 
with the constructs was perplexing. We put our constructs into normal HEK-293 cells and found 
that the HEK-293 has an endogenous level of LAMA1 expression and the LAMA1 constructs 
increased expression levels above endogenous levels by RT-PCR and western blot (data not 
shown). Thus, a non-malignant cell line can make the protein off of the expression constructs 
we generated. As such, we hypothesize that there may be an active mechanism blocking 
expression of LAMA1 in breast cancer cell lines. This represents an area of research we would 
like to explore further in the future. In future experiments it will first be important to establish 
by Southern blot that the LAMA1 constructs are present in the breast cancer cell populations 
that are selected. We will also transfect the constructs into a nonmalignant mammary epithelial 
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cell line as opposed to HEK-293 cells to ask if nonmalignant mammary epithelial cells can 
produce the protein off the constructs.  

We designed primers to many regions of the LAMA1 gene and found that the early part 
of the LAMA1 gene was transcribed in the T4-LAMA1 cell line and not in the T4-pBABE control 
line. This suggested that the LAMA1 construct was present. This small amount of transcript 
could represent a potential mediator of reversion in T4 cells. We generated laminin α1 
truncation constructs and overexpressed them in the T4 cell line and preliminarily found that 
the N-terminal domain when expressed without a signal sequence could mediate a moderate 
level of phenotypic reversion. These results will be cleaned up in our future experiments by 
cloning the constructs into a pLenti system with constitutive expression under the UbC 
promoter. We do not want to include doxycycline in future experiments due to its ability to 
inhibit MMP activity.  

The expression of laminin α1 in T4 tumor cells has led to additional questions. Many 
tools were generated and will be used in future experiments to answer the additional questions 
about the role of endogenous laminin α1 expression in reversion of the T4 cell line. It is possible 
that a laminin α1 protein fragment or RNA sequence has a functional role in reinforcing 
normalcy in breast epithelial cells. Loss of expression of such a fragment or RNA sequence could 
then contribute to the loss of normal architecture and phenotype. The results presented in 
Chapter 3 that show shLAMA1 S1 cells lose polarity and growth control in 3D lrECM culture 
support the hypothesis that endogenous laminin α1 expression is an enforcer of normal 
phenotype in the breast. Although both the S1 and T4 cell lines express the β1 and γ1 chains 
that combine with the α1 chain to form laminin-111, it remains to be shown weather or not 
laminin α1 is functioning as part of the laminin-111 heterotrimer or independently in this 
context.  
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Chapter 5 
Knockout of Lama1 in the mouse mammary gland 

 
 

Introduction 
 
 

Generation of knockout mice often provides insights into the function of the knocked 
out gene in vivo. The knockout of Lama1 is embryonic lethal by E7 as the embryos lack the 
Reichert’s membrane (Miner et al., 2004; Alpy et al., 2005). Mice expressing a mutated Lama1 
lacking the LG4 and LG5 domains of the C-terminus die prior to E6.5 despite the presence of the 
Reichert’s membrane and an embryonic membrane (Scheele et al., 2005). Scheele et al. (2005) 
suggest individual laminin domains may have other functions that are not necessarily structural. 
In order to bypass embryonic lethality conditional knockout mice have been generated. With a 
missense mutation and the conditional knockout it was shown that Lama1 is important in 
retinal vascular development and inner limiting membrane formation (Edwards et al., 2010). In 
this conditional model the floxed-Lama1 mouse with loxP sequences in the proximal promoter 
and the first exon (Alpy et al., 2005) was crossed with epiblast-specific Sox2-Cre mouse to 
bypass embryonic lethality. The knockout mouse was found to be viable with a normal life span 
and fertility (Edwards et al., 2010). A second paper using Sox2-Cre crossed with a different 
floxed-Lama1 mouse that had loxP sites in introns 15 and 17 showed that Lama1 is important 
for cerebellar development, required for proper conformation of the meninges and proper 
formation of the glial fibers (Ichikawa-Tomikawa et al., 2012). Lama2 expression was slightly 
increased suggesting the possibility of compensatory α chain expression (Ichikawa-Tomikawa et 
al., 2012). These papers demonstrate that Lama1 is not necessary for all basement membrane 
formation, but important in specific tissues.  

Our interest in the laminin α1 protein combined with the data presented in Chapters 3 
and 4 led us to ask if a mouse model of conditional knockout of Lama1 in the mammary gland 
would clarify the role of Lama1 in the mammary gland? We obtained the floxed-Lama1 mouse 
from Olivier Lefebvre, this mouse model was constructed to target the proximal promoter 
region as well as the first intron (Figure 5.1) (Alpy et al., 2005). We focused on studying normal 
development in the floxed-Lama1 mouse as we were restricted from studying mammary 
tumorigenesis. We chose to cross the floxed-Lama1 mouse with the keratin14-cre (K14-cre) 
mouse. It has been shown that keratin 14 is expressed in a mammary epithelial progenitor cell 
during embryogenesis and thus K14-cre recombines floxed genes in all of the mammary 
epithelium during embryogenesis (Leonoudakis et al., 2010). Keratin 14 expression becomes 
restricted to myoepithelial cells after birth. Here we present evidence using the bi-transgenic 
floxed-Lama1 x K14-cre mouse model that extracellular Lama1 is not necessary during 
mammary development and loss of extracellular Lama1 does not produce a mammary gland 
phenotype.  
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Figure 5.1. Construction of the floxed-LAMA1 mouse. The floxed allele has a loxP site upstream 
of the proximal promoter and a second loxP site in intron 1. When cre mediated recombination 
occurs in vivo the proximal promoter and Exon 1 are removed from the Lama1 gene locus. 
Figure adapted from (Alpy et al., 2005). 

 

Experimental Procedures 
 
 
Generation of mice with mammary-specific Lama1 knockout   
 The floxed-Lama1 mice were obtained from Olivier Lefebvre (Alpy et al., 2005) on the 
129sv strain. Keratin 14-cre (K14-cre) mice, Tg(KRT14-cre)1Amc generated by Joe Vaughan, 
were obtained from Jackson Lab. K14-cre mice were fully backcrossed to the C57BL/6 strain.  
 Floxed-Lama1 heterozygotes (Lama1fl/wt) were bred to generate floxed-Lama1 
homozygote mice (Lama1fl/fl). Lama1fl/fl mice were bred with K14-cre mice generating 
Lama1fl/wt-K14-cre mice. The Lama1fl/wt-K14-cre mice were bred with Lama1fl/fl to generate 
Lama1fl/fl-K14-cre mice. Lama1fl/fl-K14-cre mice and Lama1fl/fl mice were bred to generate 
female littermates for comparison of Lama1fl/fl (control) mice and Lama1fl/fl-K14-cre (Lama1-KO) 
mice. The control and Lama1-KO mice analyzed were on a mixed C57BL/6 and 129sv 
background.  
 
Genotyping of Lama1 and K14-cre mice 
 Genomic DNA was isolated from tail clippings of transgenic mice and used in PCR 
reactions to determine genotype. PCR reactions were made with Takara Ex Taq (Takara Bio Inc., 
Otsu, Japan) with final volume of 25ul.  
  Floxed-Lama1 mice were assessed for the presence of the floxed-Lama1 sequence with 
the following primers:  

Ln135:  5’GATGCTGCCCTGGTTGGTCTTGAATTTATG3’  
Ln127: 5’GGCTGCACTAGGTAGAGTTTGAACGTACAG3’  
Ln137LPN: 5’CTCGAGGTCGACGGTATCGATAAGCTTCGA3’ 
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LN135 and LN127 were used to detect the wild type allele generating a 345bp product if 
wild type and a 515 bp product if floxed. Ln135 and Ln137LPN were used to detect the floxed 
allele generating a 473bp product.   
 Presence of the K14-cre transgene was assessed with the following primers: 
5'TTCCTCAGGAGTGTCTTCGC3' and 5'GTCCATGTCCTTCCTGAAGC3'. If transgene is present a 
494bp product is generated.  
 
Reverse transcription followed by real time polymerase chain reaction (RT-PCR) analysis 

RT-PCR was performed as described in Chapter 3. Total RNA was extracted from tissue 
using an RNeasy kit (Qiagen, Germantown, MD) and quantified with a NanoDrop (Thermo 
Scientific, Waltham, MA). cDNA was synthesized from equal amounts of RNA using the 
Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel Switzerland). RT-PCR reactions were 
made with the SYBR Green master mix from Roche (Basel, Switzerland). Reactions were 
performed using the Roche LightCycler 480 system (Roche, Basel, Switzerland).  

Primers used to detect mouse Lama1 exon1-2:  
FW:CGAGCACGGGCGAGACCTTC 
RV: GCATTGGCGCTGATGTGGGC 

Primers used to detect mouse Lama1 starting at bp4658:  
FW: CGTGCATCCGGGCAGTGTGT  
RV: GGAAACGCCCGTGAGGTTCAGA 
 
Western blotting  

Protein was extracted from whole mammary gland with a tissue homogenizer, the lysis 
buffer used was 4% SDS + 20% glycerol in 125 mM TrisHCl + protease inhibitors (EMD Millipore, 
Billerica, MA) and phosphatase inhibitors (EMD, Millipore, Billerica, MA). Isolated mammary 
epithelial cells (organoids) were resuspended in the same lysis buffer and sonicated. Protein 
lysates were quantified using the BioRad DC Protein Assay (BioRad, Hercules, CA).  

Western blotting was performed as described in Chapter 3. 
  
Mammary organoid isolation 
 Mammary epithelial cells were isolated from whole mammary tissue with a method 
adapted from Simian et al, 2001 (Simian et al., 2001). Tissue was minced with razor blades 
followed by digestion of the tissue in 0.2% type IV collagenase and 0.2% trypsin with 5% fetal 
bovine serum in DMEM/F12 for 30 minutes at 37°C shaking at 100 RPM. The epithelial 
organoids were spun down and separated from the top fatty layer. Additional spins were used 
to separate out single cell fibroblasts and immune cells from the epithelial cells that remain in 
larger clusters (organoids). Once the preparation was clear of contaminating cells, organoids 
were lysed in lysis buffer. 
 
Whole mount preparation 
 The 4th inguinal mammary gland was carefully dissected for whole mount onto a glass 
slide. The entire gland remained intact for examination. The glands were allowed to dry to the 
slide for 5 minutes and then placed in fixative containing 2% paraformaldehyde. The glands 
were fixed for 2 to 4 hours at room temperature depending on their size. The glands were then 
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moved into carmine aluminum stain and stained over night at 4°C. The next day the glands 
were washed in 70% ethanol for 15 minutes followed by 95% ethanol for 15 minutes and then 
100% ethanol for 15 minutes. The glands were then placed in xylenes to clear the fat for 30 
minutes to 4 hours depending on the size of the gland. The glands were removed and mounted 
in Permount. Glands were imaged with the AxioCam ICc3 camera (Zeiss, Oberkochen, Germany) 
and a dissecting microscope (WILD, Heerbrugg TYP355110, Switzerland).  
 
Quantification of branch points in 3-week-old mice 
 Whole mounts of 3-week-old Lama1-KO and control mice were imaged and the number 
of branch points on each gland was counted. Five mice per group were counted and numbers 
were graphed and significance was determined using a two tailed unpaired t-test in GraphPad 
Prism 5 software.   
 
Measurement of growth past lymph node in 5- and 8-week-old mice 
 The measurement of epithelial outgrowth beyond the 4th inguinal lymph node was 
determined by imaging and measuring the distance from the distal tip of the lymph node to the 
most distant epithelium 3 times. The measurements were averaged and graphed using 
GraphPad Prism 5 software. Significance was determined using a two tailed unpaired t-test. 
Twelve mice per group were examined in the 5-week-old mice and 8 mice per group were 
examined in the 8-week-old mice. 
 
Immunofluorescence 
 The 2nd and 3rd mammary glands were dissected out and placed in O.C.T. freezing 
medium. The O.C.T. blocks were sectioned on a Leica Cryostat CM3050S (Leica Microsystems, 
Wetzlar, Germany). Sections of 10 µm were thawed and allowed to come to room temperature 
for immunostaining. Immunofluorescence was performed as described in Chapter 2. Stained 
cryosections were imaged on a Zeiss LSM 710 confocal microscope with Zen software. Images 
were collected under the same parameters for control and Lama1-KO mice.  
 
Antibodies 
 Antibodies used in this chapter: rabbit anti-pan-laminin (Sigma, L9393), rabbit anti-lamin 
A/C clone H-110 (Santa Cruz Biotechnology, sc-20681), rat anti-laminin α1 clones 198 and 200 
(kind gift from Lydia Sorokin), rabbit anti-keratin 14 (Covance, PRB-155P), goat anti-laminin α1 
clone M-20 (Santa Cruz Biotechnology, sc-6017), rat anti-α6 integrin clone GoH3 (BD 
Pharmingen 555734) and rabbit anti-ZO-1 (Life Technologies 61-7300). 
 
 

Results 
 
 
Detection of laminin α1 in Lama1-KO and control mammary glands 
 The conditional knockout of Lama1 in the mammary gland was generated by crossing 
floxed-Lama1 mice with K14-cre mice. Lama1fl/fl-K14-cre mice (Lama1-KO) female mice were 
compared with Lama1fl/fl (control) littermates as controls. The knockout of Lama1 in the 

69 
 



mammary epithelial cells was examined by western blot, immunofluorescence and RT-PCR. In 
order to detect laminin α1 by western blot we used a pan-laminin antibody on lysates of 
isolated myoepithelial and luminal epithelial cells (Figure 5.2). The western blot showed the 
absence of a 400 kDa band in the knockout lysates suggesting that the full length laminin α1 
protein was absent in these samples and present in control samples. The laminin β1 and 
laminin γ1 chains were strongly detected at 200 kDa in all samples. Our immunostaining of the 
laminin α1 protein in mammary gland cryosections led to a more complicated picture of this 
mouse model. Co-immunostaining for the laminin α1 protein and the myoepithelial protein 
keratin 14 showed that control glands had deposition of laminin α1 protein in the basement 
membrane and the laminin α1 staining was distinct from the intracellular myoepithelial keratin 
14 staining (Figure 5.3). On the other hand, 9-week-old Lama1-KO mammary glands had 
intracellular expression of laminin α1 protein that co-localized with keratin 14 immunostaining 
(Figure 5.3). This staining pattern was observed in multiple mice (Figure 5.4). We hypothesized 
that part of laminin α1 was being expressed from an alternative start site or IRES that did not 
include exon 1. As exon 1 included the signal sequence, any laminin α1 protein being expressed 
without exon 1 would remain intracellular as seen in the Lama1-KO immunostaining.  
 
 

 

Figure 5.2. Laminin α1 protein expression in 
control and Lama1-KO mice. A pan-laminin 
antibody was used to detect laminins α1, β1 and 
γ1 in control and Lama1-KO mouse mammary 
epithelial cell lysates. The 400kDa band 
presumably representing laminin α1 was absent 
in the Lama1-KO samples and present in the 
control samples.  
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Figure 5.3. Laminin α1 immunostaining on mouse mammary cryosections. Control mammary 
glands stained for intracellular keratin 14 (red) in mammary myoepithelial cells and 
extracellular laminin α1 (green) located at the basal surface of mammary myoepithelial cells. 
The merged images show the separation of the two proteins, nuclei are blue. The Lama1-KO 
mouse mammary glands stained for intracellular keratin 14 (red) and laminin α1 (green). The 
merged images indicate substantial co-localization of keratin 14 and laminin α1 in the Lama1-
KO mammary epithelium suggesting intracellular laminin α1 is present. Images were collected 
using the same parameters. Scale bar 50µm. 
 
 

 
Figure 5.4. Immunostaining for laminin α1 
and keratin 14 on mouse mammary 
cryosections. Laminin α1 (green) is deposited 
basal to myoepithelial cells stained with 
keratin 14 (red) in control mice. Multiple 
Lama1-KO mice display intracellular laminin 
α1 (green) staining pattern that co-localizes 

with keratin 14 (red). 
Nuclei are blue. 
Images were collected 
using the same 
parameters. Scale bar 
50 µm. 
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We designed primers that would amplify across the exon1-2 splice site of Lama1 and a 
second set of primers that amplified the mid-region of the Lama1 sequence at base pair 4658. 
RNA was extracted from the whole mammary gland and cDNA generated. When cDNA was 
amplified for the Lama1 exon1-2 region, the Lama1-KO sample had a 0.1176 fold change 
compared to the control sample normalized to TATA binding protein (TBP) with a significant p-
value of 0.01082 indicating a significant 8.5 fold down regulation of the presence of the exon1-2 
region. On the other hand, when the mid-region of Lama1 was amplified the Lama1-KO sample 
had a 0.8888 fold change compared to the control sample normalized to TBP with an 
insignificant p-value of 0.558944. This indicated that there is no significant change between the 
control and Lama1-KO mice in the levels of the mid-region of Lama1 transcript in the mammary 
gland whereas the Lama1 exon 1-2 transcript is significantly reduced. The reduction of the exon 
1-2 transcript is likely the result of cre-mediated recombination of the proximal reporter and 
exon1 of Lama1 in Lama1-KO mammary epithelium whereas the downstream sequence is still 
expressed in Lama1-KO mice.  
 
Western optimization for mouse laminin α1  

We sought to detect the fragment of laminin α1 that was being expressed in Lama1-KO 
mice by western blot. Our laminin α1-specific antibodies for used on human cell lines in 
Chapters 3 and 4 did not work on the protein lysates of mouse tissue. Our mouse laminin α1-
specific antibody used for immunostaining recognizes the C-terminal domain but does not work 
on denatured protein in western blots, so we obtained another antibody that recognizes the C-
terminus of mouse laminin α1 and optimized it for western blot. We were able to detect bands 
of 75 kDa and 50 kDa by western blot with the antibody (Figure 5.5). These bands were present 
in both the control, Lama1-heterozygote (HET) and Lama1-KO whole tissue lysates. Lama1-KO 
glands had slightly less signal, but loading control is not presented for these optimization 
experiments. Blocking peptide blocked the signal suggesting specificity, but the antibody 
consistently did not detect full length laminin α1. This could indicate cleavage of the C-terminus 
in vivo, poor transfer of larger proteins and/or poor solubilization of extracellular matrix 
proteins in tissue lysates. The result indicates that 75kDa and 50kDa C-terminal fragments of 
laminin α1 are present in Lama1-KO mice as well as control and heterozygote mice. We were 
unable to determine if additional protein fragments were present with the antibodies we had 
on hand.  
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Figure 5.5. C-terminal laminin α1 fragments present in Lama1-KO mouse mammary glands. A 
laminin α1 antibody from Santa Cruz Biotechnology (M-20) was used on whole gland lysates of 
control (CT), heterozygote (HET) and Lama1-KO (KO) mammary glands. The antibody that 
recognizes the C-terminus of laminin α1 recognized 75kDa and 50kDa bands present in all 
samples. These bands were blocked by incubation with blocking peptide and there was no 
secondary antibody background.  
 
 
Polarity of Lama1-KO tissue 

Having found that the difference between the control and Lama1-KO was the presence 
of laminin α1 in the basement membrane as opposed to intracellular localization, we asked if 
the polarity of the epithelium was affected by the loss of laminin α1 in the basement 
membrane by immunostaining for α6-integrin and ZO-1 in mammary gland cryosections (Figure 
5.6). The mammary epithelium in both the control and Lama1-KO mice was apically polarized 
with strong apical ZO-1 immunostaining and the basal side of the myoepithelial cells was 
strongly stained with α6-integrin (Figure 5.6). This indicated that apico-basal polarity was not 
lost in Lama1-KO mouse mammary glands.  
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Figure 5.6. Immunostaining of 
α6-integrin and ZO-1 in control 
and transgenic mammary glands. 
Cryosections of 8-week-old 
control and Lama1-KO mammary 
glands displayed apical ZO-1 
(green) and basal α6-integrin 
(red) immunostaining indicating 
proper apico-basal polarity. 
Nuclei are blue. Two mice of each 
genotype are presented. Scale bar 
50µm. 
 
  
 
 
 
 

 
 
Growth and development of Lama1-KO glands  

We asked if development of the mammary gland was impacted by loss of Lama1 from 
the basement membrane by examining the whole mounts of mammary glands from different 
developmental time points. The outgrowth of mammary epithelium into the fat pad occurs 
postnatally and can be observed by extracting the mammary gland and staining the whole 
mount of the mammary gland with carmine aluminum. Comparing the rudimentary branching 
structure present in 3-week-old control and Lama1-KO mammary glands we found that there 
were no differences in the number of branch points at 3 weeks of age (Figure 5.7). We then 
compared outgrowth past the lymph node of 5-week-old and 8-week-old mammary glands and 
found no significant difference in the rate of growth past the lymph node in the mammary 
gland (Figure 5.8). We concluded that there is no developmental delay in outgrowth of the 
mammary epithelium in Lama1-KO mammary glands compared to control mice. 
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Figure 5.7. Number of branch points in 3-week-old mice do not change. (a) Representative 
pictures of 3-week-old control (CT) and Lama1-KO (KO) mammary glands stained with carmine 
aluminum to illuminate the branching structure (pink). (b) Quantification of the number of 
branch points in each mammary gland reveals that there is no significant difference between CT 
and KO glands (n=5 mice/group). 
 
 

 
Figure 5.8. The outgrowth of 5-week-old and 8-week-old mammary glands is similar in control 
and Lama1-KO mice. (a) Outgrowth past lymph node is measured by measuring from the lymph 
node to the most distal epithelium in a carmine aluminum stained whole mount of a mammary 
gland (arrow indicates growth past lymph node). (b) Three measurements of growth past the 
lymph node were averaged from each mouse. Control (CT) mice did not significantly differ from 
Lama1-KO (KO) mice in 5-week-old mammary glands (n=12 mice/group). (c) CT and KO 8-week-
old mouse mammary epithelium grew past the lymph node with no significant difference 
between the two groups (n=8 mice/group). 
 
 
 We examined the lobuloalveolar development of the control and Lama1-KO mammary 
glands at day 7 of lactation and did not see any difference in the amount of lobuloalveoli filling 
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the fat pad in the Lama1-KO mammary gland compared to the control (data not shown). Both 
control and Lama1-KO mice were able to support full litters with their milk supply indicating no 
deficiency in lobuloalveolar function or development. Overall the development of the Lama1-
KO mammary gland was not significantly different from the control group of mice.  
 
 

Discussion 
 
 

 This study examined the developmental differences between control and Lama1-KO 
mouse mammary glands. We found that this model of the conditional knock out of the Lama1 
gene in the mouse mammary gland resulted in no laminin α1 protein in the basement 
membrane, but there were significant amounts of intracellular laminin α1 protein and message 
in the myoepithelial cells of the mammary gland. This indicates there could be an alternative 
start site for the Lama1 gene that has yet to be described or an internal ribosome entry site 
(IRES). This would be an interesting area of future investigation. Laminin β1 has been shown to 
have an IRES between -293 and -1 upstream of the start codon (Petz et al., 2012). The laminin 
α3 gene has two isoforms that arise from two different promoters (Ferrigno et al., 1997). In 
addition it has been shown that mouse laminin γ2 has an alternative transcriptional start site 
(Lee et al., 2001). Thus, it is not unprecedented to hypothesize that an IRES or alternative 
transcriptional start site exists for Lama1.   
  The Lama1-KO glands lacked laminin α1 in the basement membrane of the mammary 
gland, but there were no significant developmental differences between the control mice and 
the Lama1-KO mice in our study. The mammary glands of the Lama1-KO mice appeared well-
organized by histology and immunostaining. The epithelial branching structure observed during 
development was not significantly different between the control and Lama1-KO mice. 
Lobuloalveolar development and function were not impaired in the Lama1-KO mice. Finally, 
whole mounts examined from 1-year-old mice did not have significant differences in frequency 
of age-related hyperplasia and ductal thickening (data not shown). The evidence discussed here 
suggests that extracellular laminin α1 is dispensable for mammary gland development and 
functional differentiation. It is possible that another chain of laminin such as laminin α2 is 
compensating for the loss of laminin α1 in the basement membrane.  

Our findings specifically pertain to extracellular laminin α1 in the mammary gland as we 
aren’t able to rule out a role for intracellular laminin α1 that was present in the mammary 
glands of Lama1-KO mice. It is possible that intracellular laminin α1 plays a role in mammary 
gland development and function that could be revealed with an improved transgenic model of 
the knockout of Lama1. Evidence of intracellular laminin α1 presented in this chapter indicates 
future studies should investigate an alternative start site or IRES in the Lama1 gene and the 
functional significance. 

It is tempting to speculate that laminin α1 has intracellular functions. The laminin α1 
protein has most often been studied as the laminin-111 heterotrimer and most functions 
attributed to it are in the capacity of an extracellular basement membrane protein. The body of 
literature on laminin α1 does have brief descriptions of intracellular laminin α1 and some 
speculation as to a possible intracellular role of laminin α chains (Champliaud et al., 2000; 
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Hamill et al., 2009). Laminin α1 has been implicated in driving the secretion of laminins β1 and 
γ1 as well as its own production (Yurchenco et al., 1997; Li et al., 2002). Interestingly, laminin 
α1 has been found in the nuclear extract of EGF stimulated cells (Olsen et al., 2006). 
Intracellular laminin α1 also appears at the site of regeneration in liver injury (Gimenez et al., 
1995). Aside from its role in secretion, no studies have directly shown an intracellular role for 
laminin α1. We have stained paraffin embedded mouse mammary gland tissue with the laminin 
α1 antibody employed in Chapters 3 and 4 and observed intracellular staining of luminal 
epithelial cells (Figure 5.9). Laminin α1 is not known to accumulate intracellularly nor is it 
thought to be expressed in luminal epithelial cells making this result intriguing. In addition, this 
antigen retrieval was not able to reveal the antigen of laminin α1 known to be in the basement 
membrane adjacent to the myoepithelial cells. Antigen retrieval of basement membrane 
proteins in paraffin embedded sections is notoriously difficult and for that reason fresh frozen 
sections are preferred for basement membrane protein detection. Nonetheless, this luminal 
staining pattern was blocked with blocking peptide, suggesting specificity. Overall, it remains 
unknown if as an independent protein laminin α1 has an intracellular function, but there is a 
precedent in the literature of proteins with both an extracellular and intracellular role. One 
such protein is epimorphin, also known as syntaxin 2. Syntaxin 2 is a SNARE protein that 
mediates vesicle docking and the extracellular form of syntaxin 2, epimorphin, is a potent 
morphogen (Radisky et al., 2009). It is intriguing and not unprecedented to suggest that there 
may be alternative roles of laminin α1 in mammary gland function.  
 

 

Figure 5.9. Laminin α1 staining of mouse 
tissue showing intracellular protein. The H-
300 antibody to laminin α1 (green stain) 
from Santa Cruz Biotechnology was used on 
paraffin embedded mouse mammary gland 
tissue using Proteinase K antigen retrieval. 
To demonstrate the myoepithelial cell 
localization, α-smooth muscle actin was 
stained (red) and DAPI was used to 
illuminate nuclei (blue). Laminin α1 appears 
intracellular in some of luminal cells. A 
blocking peptide was used to block H-300 
staining resulting in no stain. Scale bar is 50 
µm.  
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Chapter 6 
MMP14 in Mammary Gland Development and Organization 

 
 

Introduction 
 
 

The formation of branched organs such as the mammary gland involves coordinated 
invasion of epithelium into the surrounding stroma (Fata et al., 2004; Yamada and Cukierman, 
2007; Lu and Werb, 2008). In the mammary gland, both ductal branching and alveologenesis 
require integrin-mediated signaling, as well as the activity of MMPs (Talhouk et al., 1991; 
Sympson et al., 1994; Simian et al., 2001; Fata et al., 2007). These and other studies have 
demonstrated roles for secreted MMPs in the developing mammary gland (Fata et al., 2004). 
Whereas the primary source of MMP2 and MMP3 is the mammary stroma, MMP14 is 
expressed in both mammary stroma and epithelium of terminal end buds (Wiseman et al., 
2003), suggesting that MMP14 may be involved in epithelial invasion into the mammary fat 
pad. However, despite its position on the cell surface and its expression in terminal end buds 
(TEBs), neither a role for MMP14 in mammary branching morphogenesis nor its possible 
mechanism of action have been explored. Here, using a transgenic mouse model, we have 
found that MMP14 is highly expressed at the invading edges of TEBs and that its expression 
peaks at the height of development of the mammary epithelial tree.  

We made the observation that mammary epithelial cells in culture expressed 
heterogeneous levels of MMP14 and that the cells that expressed high levels of MMP14 are 
located at the site of branching morphogenesis similar to MMP14 in vivo. This led us to 
investigate the role of MMP14 in cellular rearrangements in tissues. Extensive cellular 
rearrangements take place during morphogenesis, both in vivo and in culture. In their landmark 
1955 study, Townes and Holtfreter demonstrated that combinations of tissues reconstituted 
from amphibian embryos would spontaneously sort out according to their germ layers of origin, 
and in some cases the final configuration resembled that of their native structures in vivo 
(Townes and Holtfreter, 1955). Similar spontaneous sorting events reestablished histological 
patterns from species as divergent as chickens and sponges (Moscona and Moscona, 1952). At 
that time, the underlying mechanism was hypothesized to be a combination of differential 
tissue cohesion and differential motility. Subsequent investigations revealed that differential 
intercellular adhesion mediated by quantitative differences in cell-surface cadherins induced 
sorting of both embryonic cells as well as mammalian cell lines (Foty and Steinberg, 2005; 
Steinberg, 2007). The differential adhesion hypothesis was originally inspired by the similarity 
of the sorting process to the immiscibility of liquid droplets with different surface tensions 
(Steinberg, 1963), a phenomenon that was also consistent with differential contraction rather 
than adhesion (Harris, 1976). Recently, numerical simulations resurrected the idea that sorting 
can be mediated also by differences in contractility (Chen and Brodland, 2000; Brodland, 2002), 
and experimental analyses have suggested that differential cortical tension may contribute to 
sorting of the germ layers in zebrafish embryos (Krieg et al., 2008; Schotz et al., 2008). 
Differential motility as a mechanism for sorting and self-organization of tissues has been largely 

78 
 



ignored, except as a possible explanation for slug formation by Dictyostelium amoebae (Umeda 
and Inouye, 2004).       

Tracking individual cells within whole organ cultures has revealed that vertebrate cells 
move dynamically against each other and the surrounding extracellular matrix (ECM) (Shakya et 
al., 2005; Larsen et al., 2006; Ewald et al., 2008). In the context of a three-dimensional (3D) 
developing tissue, motility requires the generation of a propulsive force and in some cases an 
active proteolytic mechanism to remove steric barriers. MMP14 binds to or cleaves multiple 
targets, including the zymogen form of MMP2, ECM proteins such as collagen, laminin, and 
fibronectin, and cell surface receptors including CD44 [reviewed in (Itoh and Seiki, 2006; 
Barbolina and Stack, 2008)]. MMP14 is up-regulated also in many epithelial tumors, including 
those from breast, lung, and colon (Sato et al., 1994; Okada et al., 1995; Klein et al., 2002), and 
confers cancer cells with the pernicious ability to degrade and penetrate the basement 
membrane and metastasize to distant sites (Ueda et al., 2003; Sabeh et al., 2004; Hotary et al., 
2006; Szabova et al., 2008). Intriguingly, cells at the invasive front of metastatic cohorts express 
the highest levels of MMP14 (Nabeshima et al., 2000; Friedl and Wolf, 2003). Understanding 
how the expression pattern of this protease is determined will likely yield insights into possible 
mechanisms of cancer progression and invasion. 

Here we present evidence to suggest that cellular rearrangements generated by 
differential cellular motility determine the pattern of MMP14-expressing cells within a model 
mammary epithelial tissue. We use lithography-based culture models that mimic the 
architecture of mammary epithelial ductal trees to generate mammary tubules mosaic for 
MMP14 expression. We find that cells rearrange with respect to each other such that the 
subpopulation highest for MMP14 expression segregates to the ends of tubules. MMP14 levels 
correlate with directional persistence, which is sufficient to induce sorting in silico. Surprisingly, 
we find that MMP14-driven sorting is independent of its catalytic activity and requires signaling 
through Rho kinase (ROCK). Cells within model tissues thus appear to organize depending on 
differences in their relative motilities. 
 
 

Experimental Procedures 
 

 
Cell culture and reagents  

Functionally normal EpH4 mouse mammary epithelial cells (Reichmann et al., 1989) 
were cultured in 1:1 DMEM/F12, 2% fetal bovine serum, 5 µg/mL insulin, 50 µg/mL gentamycin 
(Sigma). Primary epithelial organoids consisting mainly of luminal epithelial and myoepithelial 
cells were prepared from 10-week-old virgin MMP14+/lacZ C57BL/6 mice (Yana et al., 2007) as 
described in Chapter 5. Microfabricated organoids were grown in DMEM/F12 supplemented 
with ITS and penicillin/streptomycin. For mosaic overexpression studies, EpH4 cells were 
transiently co-transfected with mouse MMP14, deletion mutants of mouse MMP14 created by 
PCR, mouse CD44, or ROCK mutants and YFP or YFP alone using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA) one day prior to microfabrication. For mosaic knockdown studies, predesigned 
siRNA sequences (Ambion, Carlsbad, CA) were verified for specific knockdown by at least 80% 
by quantitative RT-PCR, and co-transfected with YFP using Lipofectamine 2000 one day prior to 

79 
 



microfabrication. A clonal line of EpH4 cells which stably expressed NLS-YFP was selected and 
established using growth medium containing hygromycin. Tissues were treated with the 
following reagents diluted to the concentrations indicated in the text: GM6001, Y27632, 
PD98059 (all from Calbiochem, Billerica, MA). 
 
Microfabricated tubules  

Microfabricated cultures of epithelial cells embedded within collagen gels were formed 
by replica micromolding as previously described (Nelson et al., 2006; Nelson et al., 2008). 
Briefly, patterned elastomeric stamps of poly(dimethylsiloxane) (PDMS; Sylgard 184) rendered 
non-adhesive by coating with a 1% solution of bovine serum albumin (BSA) in phosphate-
buffered saline (PBS) were placed upon a drop of liquid neutralized collagen (4 mg/mL; ICN 
Biomedicals) at 37°C until gelation. After removing stamps, a concentrated suspension of EpH4 
cells or primary organoids was allowed to settle within the micromolded collagen cavities. 
Excess cells were rinsed away with culture medium, leaving 65 ± 12 cells per cavity, and a 
second layer of collagen gel was gently placed on top of the pattern. 
 
Reverse transcription followed by real time polymerase chain reaction (RT-PCR) analysis
 Total RNA was extracted from cells using an RNeasy kit (Qiagen, Germantown, MD). 
cDNA was synthesized using Superscript III first strand synthesis kit (Invitrogen, Carlsbad, CA) 
from equal amounts of RNA. Quantitative real-time PCR analysis was performed with the 
LightCycler System using the LightCycler FastStart DNA Master SYBR Green I kit (Roche, Basel, 
Switzerland). Amplification was followed by melting curve analysis to verify the presence of a 
single PCR product. 

 
Imaging and statistical analysis  

Samples were fixed, stained for nuclei with Hoechst 33258 (Invitrogen, Carlsbad, CA), 
and visualized using an Axiovert Mrm CCD camera attached to a Zeiss Axiovert 200 microscope. 
Total cumulative data were represented by stacking in registration binarized images of YFP 
signal from 50 samples, obtaining relative pixel frequency with Scion Image software, and color-
coding images in Adobe Photoshop. All experiments were conducted at least three times. 

For immunofluorescence analysis of MMP14, MMP3, and CD44, samples were fixed in 
4% paraformaldehyde, permeabilized with 0.05% Triton X-100, and blocked in 5% goat serum. 
Antibodies against MMP14 (Chemicon, Billerica, MA), MMP3 (Chemicon, Billerica, MA), or CD44 
(Santa Cruz Biotechnology, Santa Cruz, CA) were diluted in 5% goat serum, applied to samples 
overnight, and removed by extensive washing in blocking buffer. Samples were incubated 
overnight with secondary antibodies diluted in blocking buffer, washed extensively, and 
visualized as described above. 
 
β-galactosidase staining of tubules 

Transgenic mice carrying the LacZ gene under control of the MMP14 promoter were 
used (Yana et al., 2007). Tubules of primary cells from 12 week old heterozygous mice (+/-) 
were collected 24 hours after construction in ice-cold PBS and fixed for 15 min at room 
temperature in fix solution (2% formaldehyde, 0.2% glutaraldehyde, 0.02% Nonidet P-40 (NP-
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40) and 0.01% sodium deoxycholate in PBS). After fixation, samples were rinsed several times in 
PBS and then stained overnight at 37oC in the dark with stain solution (5 mM potassium 
ferricyanide, 5 mM potassium ferrocyanide, 1 mg/ml X-gal, 2 mM MgCl2, 0.02% NP-40 and 
0.01% sodium deoxycholate in PBS).  
 
Whole mount β-galactosidase staining 

Transgenic mice carrying the LacZ gene under the control of the Mmp14 promoter were 
used (Yana et al., 2007). Inguinal mammary glands were isolated from 5-week-old wild type 
(+/+) and Mmp14 (+/-, lacZ) mice. Tissues were collected in ice-cold PBS and fixed for 15 min at 
room temperature in fix solution (2% formaldehyde, 0.2% glutaraldehyde, 0.02% Nonidet P-40 
(NP-40) and 0.01% sodium deoxycholate in PBS). After fixation, tissues were rinsed several 
times in PBS and stained overnight at 37oC in the dark with stain solution (5 mM potassium 
ferricyanide, and 5 mM potassium ferrocyanide in rinse buffer, 1 mg/ml X-gal, 2 mM MgCl2, 
0.02% NP-40 and 0.01% sodium deoxycholate in PBS). Dehydrated sections of mammary gland 
tissue were stained with Hematoxylin and Eosin and inspected for β-gal staining.  
 
Real-time microscopy  

For real-time imaging, tubules were constructed of EpH4 cells that stably expressed NLS-
YFP. Time-lapse movies were collected using a Stanford Photonics XR/Mega-10 ICCD camera 
attached to a Zeiss Axiovert S100 microscope customized with a Yokogawa spinning disk 
(Solamere Technology Group) and fitted with a humidified environmental chamber held at 37°C 
and 5% CO2. Confocal stacks of 20-25 images (2 µm thick) were acquired using a Plan Apo 20× 
0.4 NA objective every 15 min beginning at 2 hours after initial microfabrication for a total of 20 
hours. Movies were assembled and cells tracked in 3D using ImarisTrack (Bitplane). The average 
speed ( )S  and mean-squared displacements ( )( )2d t  of individual cells were used to 

calculate time of directional persistence ( )P  by fitting to the persistent random walk model 

(Stokes et al., 1991): ( ) ( )2 2 /2 1 t Pd t S P t P e− = − −  . 

 
Western blotting  

Samples were lysed using modified RIPA buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 
10% glycerol, 1% Triton X-100, 10 mM sodium pyrophosphate containing 1.5 mM MgCl2, 1 mM 
EGTA, 1% sodium deoxycholate, 0.25 mM Na3VO4, 100 mM NaF and proteinase inhibitor 
cocktail). Samples were mixed with Laemmli sample buffer, heated at 95oC for 5 min, resolved 
by SDS-PAGE and transferred to nitrocellulose. Membranes were blocked in milk and incubated 
overnight at 4°C in 5% BSA, 0.1% Tween-20 in PBS containing antibodies specific to 
phosphorylated LIMK or total LIMK (Cell Signaling, Danvers, MA). Primary antibodies were 
detected with the Pierce Super Signal detection kit and signal was captured with the FluorChem 
8900 analysis system (Alpha Innotech, Protein Simple, San Jose, CA). 
 
Agent-based modeling  

Cell dynamics simulations were performed using NetLogo 4.0 (available online at 
http://ccl.northwestern.edu/netlogo). The simulation environment consisted of a cylindrical 
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space representing the collagen cavities. Two populations of cells, MMP14hi (green) and 
MMP14lo (white) were randomly placed in the simulated cavities to mimic the starting 
conditions of the tissue. The three parameters that could be measured in the culture 
experiments were duration of culture, cell speed, and directional persistence.  These were 
matched to the three parameters that could be varied in silico, which were number of time 
steps, distance moved per time step, and random rotation at each time step. 
 
 

Results 
 
 

MMP14-expressing cells sort to the leading edge of engineered mammary ducts 
We previously developed an engineered tissue model of the mammary epithelial duct 

comprised of murine mammary epithelial tubules of arbitrary geometry embedded within a 3D 
type I collagen gel (Nelson et al., 2008). To generate these tissues, a concentrated suspension of 
single mammary epithelial cells is placed within microscale collagen cavities prepared by replica 
micromolding.  Initially, individual cells are randomly dispersed within the cavities (Figure 6.1A). 
Over a period of 24 hours, the cells form contacts with their neighbors, synthesize and 
assemble a basement membrane, and rearrange into a polarized epithelial tubule (Figure 6.1B, 
C) (Nelson et al., 2006). Despite their simplicity, these model tissues recapitulate several 
aspects of normal mammary histology and morphogenesis (Nelson et al., 2006). Here, we found 
that after the 24-hour rearrangement period the expression of MMP14 was highest in the cells 
located at the ends of the tubules (Figure 6.1D, E). β-galactosidase staining of tubules 
constructed of primary mammary epithelial cells isolated from mice heterozygous for LacZ 
inserted within the MMP14 gene (Yana et al., 2007) verified that MMP14 promoter activity was 
highest at the ends (Figure 6.1F). MMP activity in general (Nelson et al., 2006) and MMP14 
expression in particular are necessary for later morphogenesis of these model tissues, as down-
modulating MMP14 expression prevents branching. 
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Figure 6.1. Cell rearrangement and differential expression of MMP14 in engineered mammary 
epithelial tubules. Phase contrast images of model tissues at (A) zero, (B) six, and (C) 24 hours 
after construction. Immunofluorescence analysis of MMP14 in (D) one tubule and (E) 
quantification of immunofluorescence intensity from 50 tubules, represented as a frequency 
map.  (F) MMP14 promoter activity, as determined by β-galactosidase staining, in 50 
microfabricated organoids, quantified and represented as a frequency map. Scale bars, 50 µm. 
 
 
MMP14 expression peaks during puberty, and is highly elevated at the invading front of 
mammary gland end buds 

We asked where and when MMP14 was expressed in normal mammary gland 
development in vivo. We measured the levels of MMP14 expression in different stages of 
mammary gland development in virgin, pregnant and lactating mice using quantitative RT-PCR. 
MMP14 expression increased with development of the mammary epithelial tree during 
branching morphogenesis in virgin mice (Figure 6.2A). However, MMP14 expression plunged at 
the onset of pregnancy before mildly increasing during mid-pregnancy (coinciding with the 
stage of pregnancy that alveoli form) and subsiding again in late pregnancy and during lactation 
(Figure 6.2A).  β-galactosidase staining of whole mounted mammary glands isolated from 5-
week-old mice carrying a LacZ reporter downstream of the endogenous MMP14 promoter 
(Yana et al., 2007) revealed expression of MMP14 in epithelial cells, especially at the tips of 
ducts and/or TEBs (Figure 6.1B-i-iii). Analysis of tissue sections indicated that the MMP14 
promoter was active prominently also in myoepithelial cells (Figure 6.2B-iv), suggesting that 
MMP14 functions at the interface of the invading epithelium and ECM. 
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Figure 6.2. MMP14 expression peaks during 
puberty, and is highly elevated at the 
invading front of mammary gland end 
buds. (A) Quantitative RT-PCR analysis of 
MMP14 expression during development of 
the mouse mammary gland from: virgin (V: 
2-3, 6-8, and 9-14 weeks after birth), early 
pregnancy (Early-preg; day 4), mid-
pregnancy (Mid-preg; days 8-12), late 
pregnancy (Late-Preg; days 16-18) and 
lactating (days 1-10), normalized to 18S 
rRNA.  Data are mean +/- S.E.; (**) indicate 
p<0.01 when compared to V (2-3w). (B) 
MMP14 promoter activity in mammary 
glands from MMP14 (+/lacZ) mice. Data are 
from glands of 5-week-old mice. β-gal 
staining of a whole mount of a mammary 
gland isolated from a virgin transgenic 
heterozygote mouse bearing the lacZ gene 
under the control of the endogenous 
MMP14 promoter (Yana et al., 2007) 
indicates that MMP14 promoter activity is 
high in mammary epithelial cells. (i) β-gal 

stained mammary gland from MMP14 (+/+) mouse as negative control. (ii) β-gal stained 
mammary gland from MMP14 (+/lacZ) mouse. Scale bar: 6.25mm. (iii) β-gal-stained mammary 
end buds in MMP14 (+/lacZ) mouse showed intense promoter activity at the tip of the bud. (iv) 
β-gal and eosin stain of a mammary gland tissue section from a 5-week-old MMP14 (+/lac Z) 
transgenic mouse. Scale bars: 200 µm.   
 
 
Cellular rearrangements not localized induction results in high MMP14 expression at the ends 
of tubules 

The observed expression pattern of MMP14 could result from either localized induction 
or cellular rearrangements as the tubule and/or mammary gland forms. To distinguish between 
these two possibilities in culture, we constructed mosaic tissues in which a labeled 
subpopulation of cells exogenously expressed higher levels of MMP14 than the endogenous 
population. Cells were initially randomly distributed within mosaic tissues. However, after 24 
hours, the MMP14hi subpopulation was restricted to the ends of the tubules (Figure 6.3A-C). 
The number of cells per tubule did not change significantly over the time course of the 
experiment (24 hours), indicating that the spatial segregation of the two populations of cells 
was due to sorting rather than differential proliferation or cell death (data not shown). In 
tubules mosaic for siRNA-mediated depletion of MMP14 (siMMP14), the MMP14lo 
subpopulation was excluded from the ends (Figure 6.3C-E). These data suggest that cellular 
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rearrangements within the tissues are sensitive to relative variations in endogenous levels of 
MMP14.   
 
Sorting of MMP14-expressing cells requires the hemopexin domain 

Branching morphogenesis of the model tubules requires coordination between 
exogenous agonists and endogenous antagonists (Nelson et al., 2006). These cues are 
surprisingly dispensable for the patterned rearrangements of MMP14-expressing cells. We 
found that MMP14-induced sorting occurred independently of addition of exogenous growth 
factors, did not require signaling through Erk (Figure 6.3F), and was unaffected by the 
previously identified TGFβ inhibitory morphogen gradient (data not shown). MMP14-induced 
sorting was also independent of its proteolytic activity, since sorting was unaffected by 
treatment with the broad spectrum MMP inhibitor GM6001 (Figure 6.3G). Furthermore, in 
mosaics comprised of a mutant MMP14 lacking the catalytic domain (ΔCAT), the MMP14hi cells 
still sorted to the ends of the tubules (Figure 6.3H, I). However, in tubules mosaic for MMP14 
deleted of its hemopexin domain (ΔPEX), which mediates binding to extracellular substrates 
and cell surface receptors (Mori et al., 2002; Tam et al., 2002), transfected cells were 
sequestered to the shafts of tubules and excluded from the ends (Figure 6.3J). Importantly, 
these cellular rearrangements appeared to be specific to MMP14, as MMP3 was expressed 
evenly across the tubules, and over-expression or siRNA-mediated down-modulation of MMP3 
did not induce sorting (Figure 6.4). 
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Figure 6.3. Tubules mosaic for MMP14 spontaneously self-organize. Frequency map 
quantifying location of YFP-expressing cells co-transfected with (A) control vector and (B) 
mouse MMP14. (C) Quantitative RT/PCR analysis for MMP14 expression in cells transfected 
with control vector, MMP14, siRNA control (si control) and siRNA against MMP14 (siMMP14), 
normalized to levels of 18S rRNA.  Frequency maps quantifying location of YFP-expressing cells 
co-transfected with (D) si control and (E) siMMP14.  Sorting does not require signaling through 
Erk or MMP proteolytic activity: Frequency maps quantifying location of YFP-expressing cells 
co-transfected with MMP14 and treated with (F) MEK inhibitor PD98059 or (G) broad-spectrum 
MMP inhibitor GM6001 (40 µM). (H) Diagram of MMP14 constructs with the catalytic domain 
deleted (ΔCAT) or the hemopexin domain deleted (ΔPEX). Frequency maps quantifying location 
of YFP-expressing cells co-transfected with (I) ΔCAT or (J) ΔPEX demonstrate that sorting 
requires the hemopexin domain but is independent of the catalytic domain of MMP14.  Scale 
bars, 50 µm. 
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Figure 6.4. Tubules mosaic for MMP3 do not sort. (A) 
Immunofluorescence analysis of MMP3 in 1 tubule (B) and 
quantification of immunofluorescence intensity from 50 
tubules, represented as a frequency map. Frequency map 
quantifying location of labeled cells co-expressing (C) 
control vector and (D) MMP3. Frequency map quantifying 
location of YFP-expressing cells co transfected with (E) 
control siRNA (si control) and (F) siRNA against MMP3 
(siMMP3). Scale bars, 50 µm. 
 
 
 
 
 
 
 
 
 
 

 
 
MMP14-mediated sorting requires signaling through ROCK 

Proteolysis-independent cell motility has been shown to require signaling through the 
Rho-GTPase effector, ROCK (Sahai and Marshall, 2003; Wyckoff et al., 2006). We found that 
MMP14-mediated sorting was blocked also by treatment of the tubules with the ROCK-specific 
inhibitor Y27632 (Figure 6.5A, B). Furthermore, tubules mosaic for constitutively active ROCKΔ3 
exhibited sorting to the ends (Figure 6.5C). Conversely, tubules mosaic for dominant negative 
ROCKKDIA exhibited sorting to the shafts (Figure 6.5D). Therefore, ROCK mutant mosaics 
phenocopy MMP14 mosaics, suggesting that the MMP14 effect is mediated in part by signaling 
through ROCK. In support of this hypothesis, we found that over-expression of MMP14 resulted 
in a doubling of the activity of Lim kinase (LIMK), a downstream effector of ROCK, as measured 
by its relative phosphorylation (Figure 6.5E). Conversely, down-modulating MMP14 with siRNA 
resulted in a modest decrease in LIMK activity (Figure 6.5E). Mosaic tubules constructed by 
simultaneously over-expressing both MMP14 and ROCKKDIA, or siMMP14 and ROCKΔ3, revealed 
that ROCK was dominant over MMP14 (Figure 6.6), confirming that MMP14-mediated sorting 
was due to signaling through ROCK. 
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Figure 6.5. MMP14-mediated sorting requires signaling 
through ROCK. Frequency maps quantifying location of YFP-
expressing cells co-transfected with MMP14 and treated 
with (A) vehicle or (B) the ROCK inhibitor Y27632 (10 µM). 
MMP14 sorting is phenocopied by ROCK, as shown in 
frequency maps of tubules mosaic for (C) constitutively 
active ROCKΔ3 or (D) dominant negative ROCKKDIA. MMP14 
activates ROCK signaling, as shown in (E) western blots for 
phosphorylated LIMK (pLIMK) and total LIMK. Scale bars, 50 
µm. 
 
 
 
 
 
 
 
 

 
 

 
Figure 6.6. MMP14-mediated self-organization depends on 
activated ROCK. Frequency maps quantifying location of 
YFP-expressing cells co-transfected with dominant negative 
ROCKKDIA and (A) vector and (B) MMP14, or co-transfected 
with constitutively active ROCKΔ3 and (C) siRNA control (si 
control) and (D) siMMP14. (Scale bars, 50 µm.) 
 
 
 
 
 
 

 
 

The PEX domain of MMP14 can induce cancer cell motility in 2D cultures by activating 
signaling through Rho GTPases and the cell surface hyaluronan receptor, CD44, has been 
postulated to play a role in this process (Cao et al., 2004). MMP14 interacts with CD44 via its 
PEX domain (Mori et al., 2002). Furthermore, CD44 has been shown to associate with—and 
activate signaling through—Rho family GTPases in a number of different cell types 
(Bourguignon et al., 1999; Singleton and Bourguignon, 2002; Bourguignon et al., 2003; 
Bourguignon et al., 2006). We found that CD44 was highly expressed at the ends of the tubules 
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and that down-modulating CD44 by siRNA (siCD44) prevented sorting of MMP14 mosaics 
(Figure 6.7A-D). Furthermore, mosaic tubules constructed by over-expressing CD44 or siCD44 
phenocopied tubules mosaic for MMP14 over-expression or siMMP14, respectively; CD44-
mediated sorting required expression of the MMP14 PEX domain, was inhibited by 
simultaneous treatment with Y27632 (Figure 6.7F-K, M, N) and dominated by co-transfection 
with the ROCK mutants (Figure 6.8). Consistent with these data, we found that modulating the 
level of CD44 altered signaling through ROCK-LIMK (Figure 6.7L). MMP14 therefore appears to 
elicit cell sorting in model tissues by signaling through ROCK via association with CD44. 
 

 
Figure 6.7. MMP14-mediated 
self-organization requires CD44. 
(A) Immunofluorescence analysis 
of CD44 in one tubule and (B) 
quantification of 
immunofluorescence intensity 
from 50 tubules. Frequency maps 
quantifying location of YFP-
expressing cells co-transfected 
with (C) MMP14 and siRNA 
control (si control) or (D) siRNA 
against CD44 (siCD44). (E) 
Quantitative RT/PCR  analysis for 
CD44 expression in cells 
transfected with control vector, 
CD44, siRNA control (si control), 
and siCD44, normalized to levels 
of 18S rRNA. Frequency maps 
quantifying location of YFP-
expressing cells co-transfected 
with CD44 (F) and siCD44 (G) 
demonstrate that CD44 
expression phenocopies MMP14 
sorting. CD44-induced self-
organization requires expression 

of the MMP14 hemopexin domain, as demonstrated by frequency maps of YFP-expressing cells 
co-transfected with CD44 and siRNA control (si control) (H), siMMP14 (I), human MMP14 
deleted of the catalytic domain (huΔCAT) (J), and siMMP14 plus huΔCAT (K). CD44 expression 
activates ROCK signaling, as shown in Western blots for phosphorylated LIMK (pLIMK) (L) and 
total LIMK. CD44-induced self-organization requires activation of ROCK, as demonstrated by 
frequency maps of YFP-expressing cells co-transfected with CD44 and treated with vehicle (M) 
or Y27632 (10 µM) (N). Scale bars, 50µm. 
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Figure 6.8. CD44-mediated self-organization depends on 
active ROCK. Frequency maps quantifying location of YFP-
expressing cells co-transfected with dominant negative 
ROCKKDIA and vector (A) and CD44 (B), or co-transfected 
with constitutively active ROCKΔ3 and control siRNA (si 
control) (C) and siRNA against CD44 (siCD44) (D). Scale 
bars, 50 µm. 
 
 
 
 
 
 

 
 
MMP14-mediated sorting involves differential cellular motility 

Time-lapse spinning disk confocal analysis confirmed that the MMP14hi subpopulation 
sorted to the ends of the tubules (Figure 6.9A). To track individual cells within the engineered 
tissues, we developed a line of mammary epithelial cells that stably expressed nuclear 
localization sequence (NLS)-tagged YFP. NLS-YFP cells formed tubules and underwent branching 
morphogenesis identical to controls (data not shown). For mosaic tubules, MMP14hi cells were 
also tagged with cyan fluorescent protein (CFP). Tracking individual cells within engineered 
tissues in both YFP and CFP channels demonstrated that MMP14hi cells moved significantly 
faster and with greater directional persistence than either wild type cells or vector-transfected 
controls (Figure 6.9B-E). These differences disappeared upon treatment with Y27632 (Figure 
6.9B-E), suggesting that differential cell motility was responsible for sorting of the tissues. Other 
mechanisms of sorting, such as differential adhesion, rely on mutual envelopment of cell types 
through cell-cell cohesion; reducing the number of MMP14hi cells would thus prevent sorting 
via differential adhesion (Steinberg, 1962). To distinguish between the various mechanisms, we 
engineered tissues with limiting numbers of randomly located MMP14hi cells and found that 
they still sorted, suggesting that differential adhesion was not involved (Figure 6.9F). 
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Figure 6.9. MMP14 expression causes sorting by 
increasing cell motility. (A) Montage of five time 
points (out of ~90 frames over 20 hrs) of a single 
z-section in one mosaic tubule.  Shown is the 
MMP14hi/CFP channel.  Dashed red line indicates 
region of tubule. (B) Average speed of individual 
control cells, MMP14hi cells, and control and 
MMP14hi cells in tubules treated with the ROCK 
inhibitor, Y27632. (C) Distribution of cell speed 
amongst populations in (B). (D) Persistence time 
of individual control cells, MMP14hi cells, and 
control and MMP14hi cells in tubules treated 
with the ROCK inhibitor, Y27632. (E) Distribution 
of persistence time amongst populations in (D). 
(F) Graph of cell sorting as a function of MMP14hi 
cells within the tubule. For (B, D, F), error bars 
indicate s.e.m. of three independent 
experiments. For (C, E), edges represent 25th and 
75th percentiles and error bars represent 10th 
and 90th percentiles. (**), p<0.005 compared to 
controls, as determined by t-test. 
 
 
 
 
 
 
 

 
Do differences in cell motility alone lead to sorting? To address this question, we 

developed an agent-based model of the engineered tissues, comprised of two populations of 
cells each with variable speed and directional persistence. Cells were initially randomly 
distributed within in silico tissues (Figure 6.10A). We found that sorting occurred with 
differential directional persistence; differential speed alone did not induce cell sorting, but did 
influence the time scale of the process. The agent-based model predicted that, given two 
populations of cells with differential motility parameters, rate of sorting would scale linearly 
with length of tissue; that is, short tissues should sort faster than long tissues (Figure 6.10B). 
We tested this in silico-generated hypothesis experimentally by engineering mosaic tissues of 
short (200 µm) and long (500 µm) geometry, and found that long tissues indeed required ~2.5 
times as long to sort (Figure 6.10C). These results indicate that MMP14-mediated cell sorting 
depends on differential directional persistence.   
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Figure 6.10. Differential persistence leads to sorting 
of tissues in silico. (A) Simulations of cell sorting in 
mosaic tubules comprised of control cells (white) and 
MMP14hi cells (green). Speed (S) and persistence (P) 
were varied independently. (B) Average relative time 
for 20 simulated tissues to sort as a function of their 
length. (C) Experimental validation of simulation 
results, shown as percent of cell sorting as a function 
of time for short (200 µm) and long (500 µm) mosaic 
tubules. (D) Schematic of sorting within mammary 
epithelial tubules. Cells with highest levels of MMP14 
and CD44 expression have highest levels of ROCK 
activity and move to the ends of tubules, regions 
competent for branching. Error bars indicate s.e.m. 
of three independent experiments. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Discussion 

 
 

This study examines the role of the collective dynamics of individual cells in generating 
patterns within model tissues. Cellular rearrangements are well-accepted as being fundamental 
to embryonic development. During vertebrate gastrulation, distinct germ layers are formed by 
sorting of different types of progenitor cells. Cell sorting and tissue organization may result 
from a number of mechanisms, including differential intercellular adhesion (Foty and Steinberg, 
2005; Steinberg, 2007) and cortical tension (Harris, 1976; Brodland, 2002; Krieg et al., 2008). 
The data presented here demonstrate that differential cellular motility, specifically differential 
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directional persistence, can also give rise to distinct patterns of cellular arrangement. The 
sorting behavior of populations of cells with differences in persistence is akin to separations 
that result from differences in diffusion coefficients. The MMP14hi cells move in a directed 
manner, with greater directional persistence, and thus further over the same period of time; 
their increased persistence manifests as a reduced propensity to turn, so once they reach the 
limits of the tissue, they tend to stay there. The concept that differential motility could drive 
cell sorting within and between vertebrate tissues was proposed long ago by others (Townes 
and Holtfreter, 1955; Stefanelli et al., 1961), but to our knowledge has never before been 
experimentally demonstrated. Sorting mediated by differential motility appears distinct from 
that mediated by differential adhesion: As predicted by Steinberg (Steinberg, 1962), tissues can 
sort via differential motility even if one population is limiting, although the number of MMP14hi 
cells influences the kinetics of the sorting process, suggesting that the rate at which a tissue 
sorts depends on the product of the rates at which each MMP14hi cell moves toward the end. 
Furthermore, sorting by differential motility depends on tissue properties. The size, geometry, 
and boundary conditions of a tissue determine the final location of sorted cells and time scales 
of the sorting process.     
 Here, we uncovered cell sorting via differential motility using an engineered tissue 
model of the mammary epithelium. Mammary epithelial cells sort into end-regions of 
engineered tubules that are high for MMP14 expression, and trunk regions that are lower for 
MMP14 expression (Figure 6.10D). MMP14 expression had no effect on E-cadherin transcript 
levels or protein distribution within the tissues (data not shown), again consistent with a sorting 
mechanism distinct from differential adhesion. MMP14 expression increases both cell speed 
and persistence, but agent-based modeling suggests that only the latter is required for sorting 
to occur. Indeed, differential speed alone would not be expected to lead to sorting: If two 
randomly moving populations of cells are confined within a fixed tissue space, the cells would 
remain mixed even if one type moved significantly faster than the other. Recently, MMP14 
expression was found to correlate with directional persistence in individual glioblastoma cells 
within 3D collagen gels (Kim et al., 2008) and with cell speed and polarized migration during 
zebrafish gastrulation (Coyle et al., 2008). Persistence could not be separated from the 
proteolytic function of MMP14 in either of these experimental systems, although the latter 
showed a link between MMP14 and non-canonical Wnt signaling. Our results assign a novel 
proteolysis-independent role for MMP14 signaling to cellular persistence, although MMP-
independent proteolytic mechanisms may be involved.  

We show that MMP14-mediated cell sorting requires the hemopexin domain, which is 
also essential for MMP14-mediated cellular invasion through collagen (Wang et al., 2004) and 
for binding to molecules including CD44 (Mori et al., 2002). MMP14 and CD44 expression 
appear to be co-regulated in vivo, correlating with acquisition of a migratory mesenchymal 
phenotype and reduced time to metastasis in human breast cancers (Shipitsin et al., 2007). 
Here, MMP14 and CD44 are both required for cell sorting, activating signaling and increasing 
cell motility through ROCK. Cells at the ends of the tubules therefore express the highest levels 
of MMP14, CD44, and active ROCK. This mechanism may explain why MMP14-expressing cells 
segregate to the leading edge of metastatic cohorts, as a similar spatial requirement for ROCK 
activity has been uncovered in the collective invasion of cohorts of squamous carcinoma cells 
(Gaggioli et al., 2007). It is tempting to speculate that directed migration and invasion of cancer 
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cell collectives depends on sorting by differential motility. The mechanisms by which ROCK 
controls speed and persistence in mammary epithelial cells are unknown. In other systems, 
ROCK reorganizes the cytoskeleton, causing stress fiber formation in part through activation of 
actomyosin contractility (Pellegrin and Mellor, 2007) and front-rear polarization through 
activation of PTEN (Li et al., 2005). Both could lead to increased motility (Worthylake and 
Burridge, 2003). A complete understanding of patterning of the mammary gland and other 
organs – as well as engineered tissues and cancer collectives – will require determining how 
genetic programs (Metzger and Krasnow, 1999; Metzger et al., 2008) and physical and 
geometric factors (Nelson et al., 2005; Nelson et al., 2006) interact to regulate cellular 
rearrangements. 

We show that levels of MMP14 are high at the branching end buds in vivo, yet are 
quantitative differences in cell motility actually used by developing tissues to control 
morphogenesis? Few experimental studies have been designed to answer this question, but 
recent results from a number of systems suggest a possible role for differential motility in tissue 
patterning. Time lapse analyses of intact (Larsen et al., 2006) and reconstituted (Wei et al., 
2007) embryonic salivary epithelium and pubertal mammary epithelium (Ewald et al., 2008) 
have revealed self-organizing dynamics amongst the cell populations. Salivary epithelial cells 
aggregate in culture and rearrange to form a branching tissue with a histology remarkably 
similar to that of the intact salivary gland (Wei et al., 2007); motility differences have been 
noted for the various epithelial cell types of this tissue (Larsen et al., 2006). In vivo results 
consistent with the differential motility hypothesis are primarily limited to investigations of 
chemotaxis. Cells that express the highest levels of fibroblast growth factor (FGF) receptor in 
the Drosophila trachea have a chemotactic advantage, allowing them to segregate to the tips of 
invading branches and to lead the growing branch to localized sources of FGF (Ghabrial and 
Krasnow, 2006). Collective decisions based on individual differences in the strength of receptor 
signaling have been observed also in morphogenesis of Drosophila air sacs (Cabernard and 
Affolter, 2005) and egg chambers (Bianco et al., 2007). In the latter, uniform activation of EGF 
receptor in the border cells results in female infertility by impairing directed migration toward 
the oocyte (Duchek and Rorth, 2001; Bianco et al., 2007). Our data suggest that these cellular 
rearrangements may be driven in part by cell sorting via differential cellular motility and are not 
necessarily limited to chemotaxis per se. Technological advances in imaging in live animals 
(Egeblad et al., 2008; Keller et al., 2008) should help to shed light on this possible mechanism of 
cell sorting during morphogenesis in vivo. 
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 Chapter 7  
Summary 

 
 

Many studies have shown that context is crucial and that the status of the cellular 
microenvironment plays a significant role in whether cells within a tissue retain their normal 
architecture or undergo tumor progression. BM components, in particular laminin-111, and 
proteinases such as MMP14 and MMP9 are essential players in the role of context in the 
mammary gland. The studies presented here sought to improve our understanding of how 
reciprocal signaling between cells and their microenvironments are regulated and shape tissue 
structure and function.  

The ability to faithfully recapitulate cellular processes in cell culture allows for advances 
in understanding of cellular biology. We previously created a model of breast cancer 
progression from non-malignant to malignant cells called HMT-3522 progression series. When 
the cells in the progression series are presented with the 3D context of lrECM gels the 
difference between normal and malignant tissue structure and growth becomes pronounced 
(Figure 4.1) (Petersen et al., 1992). The model provides a unique opportunity to test different 
factors that play a role in generating the context of the mammary gland as well as factors that 
drive malignancy. We examined the tissue structure of the non-malignant S1 cells in 3D lrECM 
cultures. The study employed immunofluorescence and various electron microscopy-based 
methods including FIB-SEM and SBF-SEM that allowed for 3D imaging at a resolution 
comparable to electron tomography. We found that the non-malignant S1 cells appear highly 
polarized by immunofluorescence, but weren’t highly polarized in our TEM, FIB-SEM and SBF-
SEM-based analysis. The ultrastructural features of S1 acini suggest that S1 are a hybrid of basal 
and luminal epithelial cells of the mammary gland.  

The ultrastructural features of S1 acini suggestive of a hybrid luminal and basal 
phenotype were lack of apically oriented junctional complexes, hemidesmosomes that weren’t 
well-formed, primary cilia, irregular microvilli projections and nuclear invaginations. The lack of 
apically oriented junctional complexes is highly suggestive of a basal phenotype, but luminal 
cells are more prone to forming the weak hemidesmosomes observed. The primary cilia have 
been observed in 20-40% of mammary epithelial cells primarily on the basal cells (Nobutani et 
al., 2014). The interdigitating microvilli are more common in the basal cell region of the human 
breast (Stirling and Chandler, 1976b), but they are also observed in luminal cells (Ozzello, 1974). 
These findings strongly suggest that our model of S1 acini in 3D lrECM is a model of a hybrid 
luminal and basal cell that forms a polarized structure closer to basal cell polarization than 
luminal cell polarization with a small intercellular luminal space.  

The unique finding of the 3D FIB-SEM and SBF-SEM study is that approximately 10-20% 
of the nuclei of S1 cells in an acinus display nuclear tunnels with electron dense tonofilaments 
extending through them. The significance of this finding has generated great interest amongst 
structural and cell biologists. Our future studies will address the occurrence of these tunnels in 
human breast tissue and the nature of the tonofilaments running through the tunnels. We 
hypothesize that these tunnels have structural and biological importance in the normal function 
of the mammary gland and/or in mammary gland progenitor cells.  
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Our previous work demonstrated that laminin-111 is an important mediator of 
basement membrane outside-in signaling in the mammary gland (Gudjonsson, T. et al., 2002; 
Muschler et al., 2002; Beliveau et al., 2010; Spencer et al., 2011). The ultrastructural 
characterization of the S1 acini informed our ongoing studies of laminin-111 in the HMT-3522 
progression series. The luminal-basal hybrid nature of the S1 cells explained why they express 
the laminin α1 chain when the laminin α1 chain was believed to be exclusively expressed in the 
basal cell population. We found that S1 cells express laminin α1 and that the pre-malignant and 
malignant cells in the progression series lose laminin α1 expression. We then asked if there was 
a difference between endogenously produced laminin α1 and exogenously provided laminin α1 
in lrECM and found that indeed endogenous laminin α1 played a role in polarization and growth 
control despite the presence of exogenous laminin α1. Our findings indicate that signaling 
pathways are activated in the absence of laminin α1, deposition of basement membrane 
proteins decreases and that MMP9 expression is increased in 3D lrECM cultures. The 
upregulation of MMP9 in 3D culture likely contributes to remodeling of the microenvironment 
during acinus formation. The change in cellular context reported here pushes the shLAMA1 S1 
acini to assume a less organized phenotype demonstrating the importance of the formation of 
a proper cellular microenvironment to maintain the non-malignant phenotype. This study 
demonstrates the importance of the formation an endogenous basement membrane as 
opposed to providing an exogenous basement membrane. The endogenous basement 
membrane provides the cell and tissue-specific signals to maintain tissue structure and identity 
and disruption of endogenous basement membrane production and secretion leads to a less 
organized acinar phenotype.  

The basement membrane is often disrupted in cancer, specifically in infiltrating ductal 
breast carcinomas laminin-111 is largely absent from the basement membrane (Gudjonsson, T. 
et al., 2002). The malignant T4 breast cell line does not express the distinguishing chain of 
laminin-111, laminin α1. Upon expression of laminin α1 in the T4 cell line, we observed 
phenotypic reversion and significant restoration of apical polarity in the T4-LAMA1 cells in 3D 
lrECM cultures. These results were hampered by our inability to show that laminin α1 protein 
was expressed in the T4-LAMA1 cells. We moved LAMA1 into many expression constructs and 
obtained the same results, phenotypic reversion but no laminin α1 protein expression. A small 
fragment of early LAMA1 transcript was detected by RT-PCR suggesting the cells contained the 
construct and attempted to make the transcript. We saw that nonmalignant cells were able to 
make the protein off of our constructs leading us to hypothesize that malignant breast cells 
may have active mechanisms blocking expression of laminin α1. In our future studies we will 
address possible mechanisms blocking expression of laminin α1 in our breast cancer cell lines. 
In addition, we will overexpress the fragments of laminin α1 we generated to ask if a specific 
region of laminin α1 mediates phenotypic reversion. The fragment of LAMA1 detected by PCR 
in T4-LAMA1 cells could be mediating the phenotypic reversion observed in the cell population. 
When our findings in the malignant T4 cell line are combined with our results in the S1 cell line 
they suggest that endogenous laminin α1 production enforces a normal phenotype in the 
breast. 

We obtained the floxed Lama1 transgenic mouse from Olivier Lefebvre in order to study 
the role of Lama1 in mouse mammary gland development. We crossed the floxed Lama1 mouse 
with the keratin 14-cre mouse to obtain a specific knockout of Lama1 in the mammary 
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epithelium. We present evidence that extracellular laminin α1 in the basement membrane is 
not necessary for mammary gland development or function. We would have liked to address 
tumor susceptibility, but were restricted from performing this study. However, our 
observations of aged control and Lama1-KO mammary glands revealed that there was no 
increase in age-related ductal thickening and hyperplasia by microscopic examination of whole 
mount tissue. We present evidence that Lama1 is expressed from an alternative start site not 
dependent on the proximal promoter and intron 1 in the mammary glands of Lama1-KO mice. 
This was an unexpected finding that is not unprecedented in the laminin family, other laminin 
chains have multiple isoforms that arise from different promoters or alternative transcriptional 
start sites (Ferrigno et al., 1997; Lee et al., 2001; Hamill et al., 2009). Hence, we can’t rule out 
an intracellular role of laminin α1 in mammary gland development and function. Our future 
work will aim to identify an alternative start site or IRES in the Lama1 gene. 

Our data studying the role of laminin α1 in mammary gland development and tumor 
progression often suggested a possible intracellular role for laminin α1. Previous reports have 
speculated there may be an intracellular role for laminin α chains (Champliaud et al., 2000; 
Hamill et al., 2009). In addition, there have been reports of intracellular laminin α1 in multiple 
studies (Gimenez et al., 1995; Olsen et al., 2006). Identifying alternative start sites and possible 
isoforms of laminin α1 will be of great importance to future studies that could address a 
possible intracellular role of laminin α1. 

In Chapter 3, we presented evidence that the knockdown of laminin α1 in the S1 cell line 
increased MMP9 expression at early time points of the 3D lrECM assay possibly changing the 
microenvironment and contributing to the altered phenotype of shLAMA1 S1 acini. The 
coordinate regulation of extracellular matrix proteins and extracellular matrix degrading 
enzymes such as matrix metalloproteinases is intimate and has been demonstrated previously 
in multiple systems (Khan and Falcone, 1997; Beliveau et al., 2010; Horejs et al., 2014). Our 
interest and experience with extracellular matrix degrading enzymes led us to initiate a study 
on the role of matrix metalloproteinase MMP14 in mammary gland development and 
organization. Using a mouse model with the LacZ reporter downstream of the endogenous 
MMP14 promoter (MMP14-LacZ mice) we found that MMP14 is highly expressed in epithelial 
cells, especially at the tips of ducts and/or TEBs. The tissue showed prominent MMP14 
promoter activity in myoepithelial cells suggesting that in the ductal tissue myoepithelial cells 
predominantly express MMP14. These results agreed with our immunostaining of adult human 
breast tissue (data not shown). As our study progressed we made the observation that MMP14 
is expressed at heterogeneous levels in our Eph4 cells in culture. We employed our engineered 
tissue model of mammary epithelial ducts embedded within a 3D type I collagen gel in order to 
ask if the cells expressing high levels of MMP14 predominantly mediated branching 
morphogenesis in the model tissues as it appeared to occur in vivo. To our surprise, the MMP14 
high cells sorted to the ends of the tubules prior to branching morphogenesis. We studied this 
event that precedes branching morphogenesis and found that MMP14-mediated cell sorting 
requires the hemopexin domain of MMP14. MMP14 binds CD44 and they are both required for 
cell sorting, activating signaling and increasing cell motility through ROCK. Cell sorting occurred 
via differential motility as MMP14 expression increases both cell speed and persistence. Agent-
based modeling suggested that only persistence is required for sorting to occur. The question 
remains if quantitative differences in cell motility are actually used by developing tissues to 
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control morphogenesis. Our future studies aim to address this question with technological 
advances in imaging combined with mammary fat pad reconstitution assay with the MMP14-
LacZ mice.  

Studying the normal context of the mammary gland provides a solid foundation for 
studying and interpreting the pathological state. The studies presented herein have improved 
our understanding of the importance of ECM molecules, ECM degrading enzymes and tissue 
architecture in the mammary gland. Our results have pointed us in unexpected directions that 
will include future studies addressing nuclear tunnels in the mammary gland, alternative start 
sites in the LAMA1 gene and in vivo imaging of cellular rearrangements in the mammary gland.   
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